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ABSTRACT 
 
Synthetic polypeptides have received increasing attention during the past two decades. 
Compared to other synthetic polymers, polypeptides share the same peptide backbones with 
naturally-occurring proteins, which allows them to form higher order structures spontaneously and 
enables their unique performance as biomaterials. For instance, the α-helical conformation, one of 
the most important secondary structure motifs, is found in both proteins and polypeptides. 
Polypeptide materials with α-helical structures exhibit interesting properties in cell penetration 
field, self-assembly, as well as molecular catalysis, mainly due to the separated backbone-side 
chain (core-shell) structure, the anisotropic alignment of rigid rod-like geometry, and the 
macrodipoles, respectively. 
The goal of my Ph.D. research is focused on the design, regulation, and applications of 
polypeptide α-helices. In the first part of this dissertation, we developed a new strategy to regulate 
the conformation of polypeptides by directly manipulating the backbone hydrogen bonding 
interactions. Specifically, 1,2,3-triazole groups were incorporated on the side chains of 
polypeptides, which serve as both hydrogen bond donors and acceptors at neutral and basic pH to 
disrupt the α-helical structure, while lose their disrupting ability when protonated at acidic pH due 
to their inability to act as hydrogen bond acceptors. The triazole-based polypeptides therefore 
exhibited reversible, pH-responsive helix-coil transition behavior, which was demonstrated by 
spectroscopic method, molecular dynamics simulation, as well as small angle neutron scattering 
technique. The second part of this dissertation focused on the applications of α-helical polypeptides 
in cell penetration and self-assembly field. The above-mentioned triazole polypeptides were first 
used as smart cell-penetrating peptide mimics, whose membrane activity is correlated with the pH 
value due to the conformation change. When coupled with other targeting ligands, these polymers 
showed cancer cell-specific internalization followed by acid-activated endosomal escape. The 
conformation-associated cell-penetration ability was also demonstrated with another series of 
cationic polypeptides bearing phosphonium side chains, which serve as promising molecular 
transporters due to the low cytotoxicity of phosphonium-related biomaterials. Finally, α-helical 
polypeptides with hydrophobic side chains were studied as building blocks for vesicular self-
assembly. Polymersomes with densely packed multilayer membrane structures were observed 
when PEG was used as the randomly coiled hydrophilic block. 
iii 
 
 
 
 
 
 
 
 
 
 
 
To my father, mother, 
and my wife 
 
 
 
 
 
 
 
 
  
iv 
ACKNOWLEGEMENTS 
 
First of all I would like to express my sincere gratitude to my advisor, Prof. Jianjun Cheng, for 
his support and guidance in my graduate life. He showed me the exciting and colorful field of 
biomaterials, and changed me from a polymer chemist to a materials scientist. He taught me how 
to be mature and successful both academically and personally. I benefited a lot from his great 
advices and suggestions on research, paper writing, presentation, and career development. 
I also want to thank my thesis committee members, Prof. Steve C. Zimmerman, Prof. Andrew 
L. Ferguson, and Prof. Cecilia Leal, for their valuable comments on my projects and my career 
plan. I also learned a lot from the collaboration with them. 
I am grateful to all former and current Cheng group members, especially Dr. Lichen Yin and 
Dr. Haoyu Tang for their huge help and guidance when I joined the lab. I would like to thank Ryan 
B. Baumgartner, Yugang Bai, Liang Ma, and Nan Zheng for their valuable experimental help, 
wonderful scientific discussion, and great friendship. I also appreciate the friendship and support 
from all other group members, namely: Zhiyu Wang, Yanrong Lu, Xiaojian Deng, Kaimin Cai, 
Rujing Zhang, Ruibo Wang, Dr. Yanfeng Zhang, Dr. Yunxiang Xu, Dr. Yanbin Lu, Dr. Qiuhao 
Qu, Dr. Yuan Yao, Dr. Jungseok Lee, Dr. Chunlai Tu, Dr. Menghua Xiong, Dr. Yang Liu, Dr. 
Ziming Zhao, Dr. Lishen, Dr. Chongyi Chen, Dr. Shixian Lv, Li Tang, Jonathan Yen, Qian Yin, 
Qidi Sun, Isthier Chaudhury, Catherine Yao, Zhonghai Zhang, Hua Wang, Xi He, Zehao Song, 
Songsong Li, Yu Zhang, Yingfeng Yang, Zhiyuan Han, and Jin Yu. 
I also want to express my gratitude to all my collaborators, Hojun Kim and Rachael A. 
Mansbach from University of Illinois at Urbana-Champaign, Kuo-Chih Shih, Prof. Mu-Ping Nieh, 
and Prof. Yao Lin from University of Connecticut, Dr. Dimitrios Priftis, Dr. Sarah L. Perry, and 
Prof. Matthew Tirrell from University of Chicago, and Hua He from Soochow University. I 
appreciate their experimental support on the physical understanding and biomedical applications 
for all the polypeptide-related project, and really enjoy working with them. A special thanks to Dr. 
Keith Harris, Dr. Liang Hong, Dr. Joshua S. Katz, Dr. Mike Hus, Dr. Vikram Prasad, Dr. Xue 
Chen, and Dr. Steve King from The Dow Chemical Company. They provide invaluable support 
and advice to my industrial projects. I am also grateful to my undergraduate students, Xiaochu Ba, 
Yinzhao Huang, Siyi Zhang, and Haoyuan Yan, for their contribution on the experiments. I 
gratefully acknowledge the staff in School of Chemical Sciences and Materials Research 
v 
Laboratory, Dr. Dean Olson, Dr. Lingyang Zhu, Dr. Wacek Swiech, and Dr. Honghui Zhou, for 
their technical support on my projects. 
I would also like to extend my sincere thanks to my undergraduate advisor, Prof. Zichen Li and 
Prof. Fusheng Du. They introduced me to the wonderful polymer chemistry field and provided me 
the initial trainings to be a research scientist. I also want to express my gratitude to all my friends 
who provided support, advice, and encouragement to my graduate life, namely: Yang Liu, Hongtu 
Zhang, Ming Kong, Huize Li, Xiaodan Sun, Liyi Li, Yilun Sun, Jian Deng, and Yilong He. I really 
miss all the interesting conversations with them. 
Finally, I want to thank my mom and dad, for their support, trust, and encouragement in my life. 
They are the reason that I am moving forward without hesitation. My deepest gratitude to my wife, 
Jingshu Hui, for her love and understanding. She is always there cheering me up when I am feeling 
down. She makes my life happy, colorful and exciting. I would never have been able to finish my 
Ph.D. without her patience and support. 
vi 
TABLE OF CONTENTS 
 
CHAPTER 1 INTRODUCTION ....................................................................................................1 
1.1 Polypeptide and N-carboxyanhydride chemistry ...................................................................1 
1.2 The α-helical conformation of polypeptides ..........................................................................3 
1.3 Scope and organization ..........................................................................................................5 
1.4 References ..............................................................................................................................6 
CHAPTER 2 REGULATION OF POLYPEPTIDE CONFORMATION THROUGH SIDE-
CHAIN HYDROGEN BONDING PATTERN .............................................................................13 
2.1 Introduction ..........................................................................................................................13 
2.2 The effect of side-chain hydrogen bonding pattern on polypeptide conformation ..............15 
2.3 Molecular dynamics simulation of triazole polypeptides.....................................................20 
2.4 Small angle neutron scattering study of triazole polypeptides .............................................23 
2.5 Materials and methods .........................................................................................................24 
2.6 Conclusion ............................................................................................................................32 
2.7 References ............................................................................................................................33 
CHAPTER 3 STRUCTURE CONTROL OF TRIAZOLE POLYPEPTIDES FOR TUNABLE 
HELIX-COIL TRANSITION ........................................................................................................39 
3.1 Introduction ..........................................................................................................................39 
3.2 The impact of side-chain hydrophobic interaction on the helix-coil transition behavior of 
triazole polypeptides ..................................................................................................................40 
3.3 The impact of additional side-chain hydrogen bonding ligands on the helix-coil transition 
behavior of triazole polypeptides  ..............................................................................................44 
3.4 Materials and methods .........................................................................................................47 
3.5 Conclusion ............................................................................................................................50 
vii 
3.6 References ............................................................................................................................51 
CHAPTER 4 APPLICATION OF TRIAZOLE POLYPEPTIDES AS SMART CELL-
PENETRATING POLYMERS ......................................................................................................53 
4.1 Introduction ..........................................................................................................................53 
4.2 pH-Dependent cellular uptake of triazole polypeptides .......................................................55 
4.3 Cancer cell-specific cell uptake followed by endosomal escape .........................................57 
4.4 Materials and methods .........................................................................................................58 
4.5 Conclusion ............................................................................................................................60 
4.6 References ............................................................................................................................60 
CHAPTER 5 PHOSPHONIUM POLYPEPTIDES: IMPACT OF CONFORMATION ON 
CELL-PENETRATING PROPERTIES ........................................................................................64 
5.1 Introduction ..........................................................................................................................64 
5.2 Conformation control of phosphonium polypeptides ...........................................................65 
5.3 Cell-penetration of phosphonium polypeptides with various conformations ......................68 
5.4 Materials and methods .........................................................................................................72 
5.5 Conclusion ............................................................................................................................76 
5.6 References ............................................................................................................................77 
CHAPTER 6 POLYPEPTIDE VESICLES WITH DENSELY PACKED MULTILAYER 
MEMBRANES ..............................................................................................................................81 
6.1 Introduction ..........................................................................................................................81 
6.2 Self-assembly morphology of rod-coil polypeptide based copolymers ...............................83 
6.3 Membrane structure of self-assemblies ................................................................................88 
6.4 Photo-responsive disassembly of the polypeptide vesicles ..................................................92 
6.5 Materials and methods .........................................................................................................94 
viii 
6.6 Conclusion ............................................................................................................................98 
6.7 References ............................................................................................................................98 
CHAPTER 7 SURFACTANT-RESISTANT POLYMERSOMES WITH ULTRA-THICK 
MEMBRANES ............................................................................................................................103 
7.1 Introduction ........................................................................................................................103 
7.2 Preparation of polymersomes through RAFT dispersion polymerization .........................104 
7.3 Surfactant resistance of polymersomes with ultra-thick membranes .................................107 
7.4 Materials and methods .......................................................................................................112 
7.5 Conclusion ..........................................................................................................................116 
7.6 References ..........................................................................................................................116 
APPENDIX NMR SPECTRA OF N-CARBOXYANHYDRIDES AND POLYPEPTIDES ....119 
 
1 
CHAPTER 1 
INTRODUCTION 
 
1.1 Polypeptide and N-carboxyanhydride chemistry 
Proteins produced by biological systems are one of the most important biomacromolecules, 
which not only provide structural and mechanical support to cells, tissues, and organs, but are also 
participate in almost all cellular processes including the catalysis of biochemical reactions, the 
regulation of cellular signals, and transportation of molecules1-5. The versatile functions of proteins 
originates from their higher ordered structures, which were realized by the hydrogen bonding (H-
bonding) within the protein backbones and other non-covalent molecular forces on the amino acid 
side chains (e.g., Coulomb forces and hydrophobic interactions) within the specific sequence of 
proteins2, 6, 7. 
Numerous efforts have been therefore devoted to the synthesis of protein mimics, aiming to 
synthetically construct the higher order structures and to replicate the functional capability of 
proteins. Among these protein-mimicking materials, poly(α-peptide)s and oligo(α-peptide)s (for 
simplicity, we will use “polypeptides” and “oligopeptides” instead in this dissertation) are most 
studied since they share the exactly same backbone structure of proteins (i.e., peptide bonds). There 
are mainly three methods to prepare polypeptides and oligopeptides: microbial synthesis8, solid 
phase peptide synthesis9, and ring-opening polymerization (ROP) of N-carboxyanhydrides 
(NCAs)10 (Scheme 1.1). While the first two methods are able to produce monodisperse peptide 
materials with controlled sequence, the microbial synthesis is only useful to prepare peptides with 
natural amino acid residues, and the solid phase peptide synthesis is limited to short peptides (< 
50 residues) with low yields4. On the other hand, although NCA polymerization method generates 
polydisperse polypeptides without precise sequence control, it offers considerable chemical 
diversity beyond twenty one natural amino acids and enables large scale synthesis of polypeptide3. 
Additionally, the development of living ROP of NCAs11-16 and functional NCA monomers5, 17-36 
during the last two decades allows us to get synthetic polypeptide with well-defined structures and 
desired side-chain functionalities. The ROP of NCAs is therefore the most widely applied method 
to synthesize functional polypeptides. 
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Scheme 1.1 Schematic illustration of NCA polymerization for the preparation of polypeptide 
materials. 
Although NCAs are first synthesized back in 190637, the controlled polymerization of NCA 
monomers were not successful until 1997, where Deming developed the first organometallic 
initiators that suppress chain transfer and termination reactions38. Following this work, several 
living initiation systems have been developed, including ammonium salts initiation system15, high 
vacuum setup14, low temperature technique13, and the organosilicon initiators11, 12. These living 
ROP systems enable the preparation of polypeptide materials with predictable molecular weights 
(MWs) and narrow polydispersity index (PDI), which effectively produces well-defined 
polypeptide materials bearing natural amino acid side chains. However, it should be noted that the 
ROP of NCAs is intrinsically not compatible with reactive functionalities such as amino, 
carboxylic acid, and hydroxyl groups. For instance, poly(L-glutamic acid) (PLG) bearing 
carboxylic acid side chains are synthesized through the ROP of protected NCAs (γ-benzyl-L-
glutamate based N-carboxyanhydrides) followed by deprotection of benzyl groups. 
 
Figure 1.1 Chemical structure of selected functional NCA monomers. 
The limitation of side-chain functional group compatibility within NCA polymerization was not 
well solved until 2010, when various new NCA monomers were synthesized with non-natural side 
chains5. These new NCA monomers can be generally classified into three categories (Figure 1.1): 
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(1) NCA monomers with incorporated functionalities such as oligo(ethylene glycol) (OEG) and 
sugar moieties17-21; (2) NCA monomers with trigger-responsive units22-24; and (3) NCA monomers 
with reactive handles ready for further post-polymerization modification25-36. While the first two 
groups of NCA monomers directly provide useful functions of the resulting polypeptides (e.g., 
water solubility and trigger-responsiveness), the last group of NCA monomers are important to 
allow the incorporation of ROP-incompatible functionalities. These NCAs with side-chain alkene, 
alkyne, or azide groups can be further modified through click chemistry under mild conditions 
with high efficiency. In summary, the development of all these NCA monomers not only afford 
various polypeptide materials with new functionalities (e.g., sugar moieties19, cell-interacting 
guanidines35, 39, photo-cleavable groups22, 23), but also broaden the scope of polypeptide materials 
for fundamental understanding on structure-property relationship (e.g., the impact of side-chain 
hydrophobicity on polypeptide helical stability40-43, the length of side-chain OEG groups on 
thermo-responsive behavior of polypeptides18). 
 
1.2 The α-helical conformation of polypeptides 
The α-helix, as the most common secondary structure found in almost all globular proteins, is 
one of the most important basic structure motifs to regulate bio-functioning and design new 
therapeutics44-48. It has been intensively studied to understand the protein structure, folding process, 
and protein stabilities due to its ubiquity and structural simplicity49-54. The α-helices fascinated 
scientists not only because of their significant role in cellular process, but also due to their 
interesting behavior in materials science. The ability of synthetic polypeptides to form α-helical 
conformation allows people to further study the possible applications of this structure motif. Until 
now, α-helical polypeptides have been mainly used in three aspects (Figure 1.2): 
(1) When cationic groups (amine, guanidine, etc.) are attached on the side chains of α-helical 
polypeptides, the unique helical conformation enables a clear separation of hydrophobic core and 
hydrophilic shell, which directs the stepwise interaction with cell membranes and induce the cell 
penetration via a “pore formation mechanism”39, 55, 56. The cationic, helical polypeptides are 
therefore excellent molecular transporters to carry genetic cargos into cells22, 35, 57-61. As a 
comparison, the random coiled polypeptide analogs fail to be internalized without a defined 
hydrophobic-hydrophilic core-shell structure39, 55, 57. Similar mechanism has been applied to use 
cationic, helical polypeptides as antimicrobial polypeptides62. 
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Figure 1.2 Schematic illustration of the applications of the α-helical conformation. The α-helix 
has been used for cell membrane penetration, vesicular self-assembly, and molecular catalysis due 
to its clear separation of backbone/side-chain domain, its anisotropic packing, and its macrodipole, 
respectively. The random coil conformation was also included for comparison. 
(2) Hydrophobic, α-helical polypeptides with alkyl side chains (e.g., leucine63-65, methionine66, 
and other capped glutamic acid67-70) are excellent building blocks for diblock copolymer assembly 
mainly due to their rigid rod-like structure. When these polypeptides are incorporated as the 
hydrophobic blocks of the amphiphilic diblock copolymers, the anisotropic alignment of such rod 
blocks directs higher tendency to self-assemble into lamellar structure regardless of the 
conformation of hydrophilic blocks71. Therefore, polymeric amphiphiles with hydrophobic, α-
helical polypeptide blocks are able to self-assemble into vesicular morphology at a lower 
hydrophobic-to-hydrophilic ratio, compared with typical amphiphiles with random-coiled 
hydrophobic blocks. Several polypeptide vesicle systems are developed, where some of them 
focused on the encapsulation of cargos69 and others incorporate trigger-responsive units for 
disassembly of the vesicular morphologies66, 70. 
(3) Very recently, Cheng, Lin, and co-workers reported the application of α-helices for the 
catalysis of NCA polymerization72. In the solvents with low dielectric constant (e.g., 
dichloromethane or chloroform), the clustering of α-helical polypeptide initiators by a brush 
polymer architecture leads to strengthened macrodipoles, which catalyzed the polymerization of 
The α-helix
Anisotropic
packing
Macrodipole
δ+
δ-
Clear separation of
backbone/side chain domain
Polypeptide vesicles
Cell membrane
penetration
Molecular
Catalysis
The random coil
Random
entanglement
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NCA monomers. The decrease of initiator density, the replacement of solvent to more polar 
dimethylformamide, or the use of random coiled initiators led to much slower polymerization, 
which confirmed the macrodipole-induced rate acceleration. 
 
1.3 Scope and organization 
The goal of my Ph.D. research is to study the design, regulation, and applications of polypeptide 
α-helices. I focused on the design of polypeptides with helix-coil transition properties, and aimed 
to elucidate the origins and mechanisms of the conformation change. At the same time, I also 
explored the application of α-helical polypeptides in cell-penetration and self-assembly field. 
The organization of my thesis is described in Figure 1.3. The regulation of α-helices were 
studied on a series of polypeptides bearing triazole side chains (Chapter 2-4). In Chapter 2, the 
basic phenomenon was described and the underlying mechanism of helix-coil transition was 
elucidated. The triazole polypeptide library was extended in Chapter 3, where we observed 
significant change of the helix-coil transition behavior when the side-chain structures were 
modified. These pH-responsive triazole polypeptides were further studied in Chapter 4 as smart 
cell penetrating polymers. Besides Chapter 4, Chapter 5 and Chapter 6 are also focused on the 
applications of polypeptide helices. The detailed conformation-cell penetration relationship were 
studied using several phosphonium-based polypeptides in Chapter 5. In Chapter 6, the use of 
hydrophobic, α-helical polypeptides as the building blocks of vesicular self-assembly was 
presented. Finally, I will discuss a separated non-polypeptide project sponsored by the Dow 
Chemical Company in Chapter 7, where surfactant-resistant polymersomes were developed 
through RAFT dispersion polymerizations. 
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Figure 1.3 Organization of the dissertation. 
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CHAPTER 2 
REGULATION OF POLYPEPTIDE CONFORMATION THROUGH SIDE-CHAIN 
HYDROGEN BONDING PATTERN † 
 
2.1 Introduction 
Hydrogen bonding (H-bonding) interactions are one of the most important non-covalent 
molecular forces in biology, chemistry, and materials science1-4. Compared to other molecular 
forces including hydrophobic and electrostatic interactions, the alignment of the donor-acceptor 
pair constituting a hydrogen bond (H-bond) restricts the geometry of the interaction. Furthermore, 
the pattern of H-bond donors and acceptors within molecules capable participating in multiple H-
bonds provides specificity by ensuring H-bonding interactions between complementary 
molecules5. These two unique properties of H-bonding interactions are elegantly utilized in nature 
to construct the precise three-dimensional structures of nucleic acids and proteins6, 7. For instance, 
α-helices and β-sheets are formed and stabilized through H-bonds between backbone carbonyls 
and N-H groups, where H-bond donors and acceptors are paired with nearly straight geometry8, 9. 
The added benefit of H-bonds is that they are relatively weak, enabling macromolecular structures 
to undergo dynamic remodeling; a trait that is widely utilized in reaction pathways and processes 
essential for life, such as the transcription of DNA and the conformational changes of proteins7, 10. 
Inspired by nature, several biomimetic materials have been developed whose higher order 
structures are also constructed and maintained through H-bonding interactions, including 
peptidomimetic polymers11, 12, foldamers13, 14, and supramolecular polymers15. Among these 
materials, synthetic polypeptides have received increasing attention as protein mimics due to their 
ability to form important secondary structures such as α-helices. The ability to synthetically 
introduce unnatural components into polypeptides16 has widened the scope of these materials and 
provides new insights into novel biomaterials design11, 17. Previous work in relation to these 
                                                          
† Collaboration and contribution statement: The molecular dynamics simulations were performed 
in collaboration with Rachael A Mansbach and Prof. Andrew L. Ferguson in University of Illinois 
at Urbana-Champaign (including Figure 2.5 and Figure 2.6). The small angle neutron scattering 
study was carried out in collaboration with Kuo-Chih Shih and Prof. Mu-Ping Nieh in University 
of Connecticut (including Figure 2.7). 
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unnatural polypeptides has revealed the importance of hydrophobic18-20 and Coulombic18, 21 
interactions in stabilizing or destabilizing the α-helical conformation. The understanding of these 
interaction has enabled the synthesis of several polypeptide materials that are able to respond to 
changes in their environment and undergo helix-coil transitions20-24. While hydrophobic and ionic 
interactions interfere with backbone H-bonds of polypeptides indirectly, it remains challenging to 
directly manipulate backbone H-bonds of polypeptides. The direct manipulation of H-bonds 
provides a more responsive transition behavior and has been demonstrated in materials such as 
foldamers, where the addition or removal of a single H-bond at the chain end is able to completely 
alter the conformation of an oligopeptide14, 25. Inspired by these materials, we were curious whether 
similar competing interactions introduced within a polypeptide side-chain would also provide a 
sensitive response to environmental changes, drastically altering its overall structure. 
 
Figure 2.1 Schematic illustration showing the regulation of polypeptide conformation through 
donor-acceptor transformation of side-chain H-bonding ligands. The protonation of 1,2,3-triazole 
(binary H-bonding pattern) to 1,2,3-triazolium (unitary H-bonding pattern) induced the coil-to-
helix transition of the polypeptides. Polypeptide backbones are colored in magenta and side chains 
are colored in cyan. H-bond donors and acceptors are highlighted in red and blue, respectively. 
Here, we report a new approach to modulate the secondary structure of polypeptides through 
the transformation of donor-acceptor H-bonding ligands incorporated on the side-chains (Figure 
2.1). Compared to previously reported systems with hydrophobic and ionic interactions, this new 
strategy is advantageous due to the versatile design of H-bonding ligands, the precise control of 
donor-acceptor patterns, and the ease of altering the H-bonding pattern under mild conditions. The 
change in conformation of these polypeptides in response to the donor-acceptor identity of the 
side-chain is confirmed through circular dichroism (CD) spectroscopy, molecular dynamics (MD) 
1,2,3-Triazole
Binary Hydrogen Bonding 
(BHB) Pattern
1,2,3-Triazolium
Unitary Hydrogen Bonding 
(UHB) Pattern
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simulations, and small angle neutron scattering (SANS). The work provides new insights into the 
control over the higher ordered structures that are held by H-bonding interactions, which can be 
further utilized in the design of new functional materials. 
 
2.2 The effect of side-chain hydrogen bonding pattern on polypeptide conformation 
In our previous work on α-helical cationic polypeptides, we demonstrated that poly(L-glutamic 
acid) derivatives with elongated hydrophobic ester side-chains (PE, Figure 2.2) are able to 
maintain a stable helical conformation over a broad range of pH values18. Recently, however, we 
observed that exchanging the side-chain ester group with an amide (PE to PA, Figure 2.2) led to 
complete disruption of the α-helix (Figure 2.2). This change in conformation is unusual as it does 
not give rise to ionic interactions that are known to inhibit the formation of the -helix, nor does 
it provide significantly increased steric interactions. The substitution, however, does greatly 
increase the polarity of the carbonyl and adds an amidic H-bond donor (Figure 2.2)26. Given the 
proximity and structural similarity of the side-chain amides to those contained within the 
polypeptide backbone, it is possible that this side-chain amide participates in H-bonding 
interactions with the backbone and interrupts the α-helical structure. The ester in PE has a lower 
propensity to participate in these interactions as its H-bonding pattern consists of only a H-bond 
acceptor, the carbonyl. The term “H-bonding pattern” here refers to the specific role of a functional 
group in the H-bonding interaction. For example, the ester, containing only a carbonyl group 
capable of interacting in a H-bonding interactions, is classified as having a unitary H-bonding 
(UHB) pattern with either a H-bond donor or a H-bond acceptor. Similarly, the amide group in 
PA contains both a H-bond donor and an acceptor and is classified as being a binary H-bonding 
(BHB) pattern. Based on the data, it is our contention that the BHB groups, such as the side-chain 
amides in PA, interfere with the H-bonds of the polypeptide backbone, and thereby disrupt the α-
helix. On the contrary, the α-helical conformation is stable for PE and its derivatives18, 27-29, as 
their side-chains display only H-bond accepting capability (UHB pattern). 
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Figure 2.2 Side-chain triazole groups disrupt the backbone α-helical conformation. (A) Chemical 
structures of PE and PA. (B, C) H-bonding pattern analysis of amide, ester, 1,2,3-triazole, and 
1,2,3-triazolium. H-bond donors and acceptors are highlighted in red and blue, respectively. (D) 
Chemical structures of P1-P3. The molecular design of triazole polypeptides is highlighted, where 
each component is essential for the study. (E, F) CD spectra of polypeptides. PE and PA were 
analyzed at pH 3.0 (E), and P1-P3 were analyzed at pH 7.0 (F). 
To examine the above hypothesis, we were interested in incorporating other amide bond 
isosteres onto the polypeptide side-chains. These moieties bearing a BHB pattern are expected to 
disrupt the backbone helix in a manner similar to PA. One isostere of the peptide bond we were 
particularly interested in studying was the 1,2,3-triazole group30, whose C5 hydrogen functions as 
the H-bond donor and N3 acts as the acceptor (Figure 2.2). In analogy to the amide groups, both 
H-bond donating and accepting interactions mutually strengthen each other30. Accessing these 
groups is also easily accomplished as triazoles can be synthesized via Huisgen click chemistry31, 
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providing access to several polypeptide structures in order to elucidate important structure-
property relationships. Most importantly, we were interested in studying how the transformation 
between BHB and UHB groups in-situ would affect the polypeptide conformation. For this reason, 
the 1,2,3-triazole is advantageous, as protonation at the N3 site inhibits the ability of this group to 
participate as a H-bond acceptor. The resulting 1,2,3-triazolium cation, instead, possesses two 
weaker H-bond donors (UHB pattern, Figure 2.2)30. According to our analysis on PE and PA, it 
is expected that protonation of the triazole will thus lead to recovery of the H-bond network of the 
-helix by altering the side-chain H-bonding pattern from BHB to UHB. 
We therefore developed a synthetic strategy to access a model cationic polypeptide P1 (50-mer) 
bearing 1,2,3-triazole side-chains through the ring-opening polymerization (ROP) of chlorine-
based N-carboxyanhydride (NCA) monomers and subsequent functionalization of side-chains to 
azides. A Huisgen click reaction with functional alkynes then provided the final functionalized 
polypeptides containing 1,2,3-triazole27. The deliberate use of charged quaternary 
trimethylammonium groups located at the side-chain terminus provides pH-independent water 
solubility of P1, and the long hydrocarbon side-chains ensure adequate separation of the 
ammonium groups from the peptide backbone which would otherwise disrupt the α-helix (Figure 
2.2)18. The adequate separation was confirmed with a control polypeptide, P2, which lacks the 
triazole linkages and adopts a typical α-helical conformation at neutral pH (Figure 2.2). Under 
identical conditions, however, the incorporation of 1,2,3-triazoles onto the side-chains (P1) led to 
a change in the conformation of the peptide backbone to a random coil (Figure 2.2). This result 
reveals the disruptive effect of the triazole on the α-helix in direct analogy with the amide-based 
polypeptide PA. To further support the central role of the triazole group, we extended the distance 
of the triazole from the peptide backbone in attempts to attenuate the effect of the triazole. Unlike 
P1, which adopts a random coil structure due to inhibitory action so the triazole, the new 
polypeptide P3 displayed an α-helical conformation (Figure 2.2) due to both enhanced side-chain 
hydrophobic packing and sequestration of the “disruptive” triazole moieties from the backbone. In 
order to rule out concomitant extension of the ammonium groups from the backbone in P3, we 
synthesized polymers P4 and P5 that contained extended linkers between the triazole and the 
ammonium groups. These polypeptides, like P1, displayed a random coil structure (Figure 2.3), 
further confirming that the disruptive effect originates from the triazole groups rather than the 
ammoniums groups. 
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Figure 2.3 Secondary structure characterization of P4 and P5. (A) Chemical structure of P4 and 
P5. (B) CD spectra of P4 and P5 at pH 7.0. 
In order to confirm the basic nature of 1,2,3-triazole and determine the pH range under which it 
will accept a proton, a pH titration of P1 was carried out in aqueous solution, revealing a pKa of 
~4.1 (Figure 2.4). While higher than the reported value of the small molecule 1-methyl-1,2,3-
triazole (pKa ~1.332), the microenvironment of the polymer often moderates pKa values (e.g., in 
the case of poly(L-glutamic acid)
33). As a comparison, P2, which lacks triazole groups, did not 
reveal a buffering effect (Figure 2.4). Protonation of the triazole was also verified using 1H NMR 
through a significant downfield shift of the methylene protons adjacent to triazole C1 as the pH 
was lowered (Figure 2.4). 
The protonation of triazole at weakly acidic pH leads to changes in its H-bonding pattern (Figure 
2.2), which should subsequently induce changes in the polypeptide conformation according to our 
hypothesis. To test this, we analyzed the CD spectra of P1 at varying pH values. While P1 
remained as a random coil at neutral and basic pH, it began to adopt an α-helical conformation as 
the pH was lowered (Figure 2.4). The starting point of the shift in conformation observed by CD 
coincided with the onset of the buffering effect of the titration curve (pH ~6.6), indicating the 
correlation between the inhibition of disruptive effect on α-helix and the protonation of side-chain 
triazole. The appearance of an isodichroic point at 203 nm is consistent with a two-state helix-coil 
transition and suggests the absence of other secondary structure during the transition34. The 
conformational change was also verified by 1H NMR, where the sharp peaks for all backbone 
protons of P1 became weaker and broader upon decreasing the pH, mainly due to side-chain 
shielding upon polypeptide folding (Figure 2.4)35. All these results collectively indicate that 
protonation of the triazole into a triazolium indeed results in removal of the inhibitory BHB pattern 
and recovery of the helix in situ. This pH induced conformational transition is also highly 
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reversible as expected. After five cycles from pH ~9.5 to ~2.8 and back, the α-helix demonstrated 
complete recovery of ellipticity at the low pH condition (Figure 2.4). The reversible nature of this 
transition additionally excludes the possibility of irreversible chemical changes, such as the 
hydrolysis of side-chain esters or the isomerization of the backbone α-carbon. 
 
Figure 2.4 Coil-to-helix transition induced by protonation of side-chain 1,2,3-triazole. (A) The pH 
titration curve of P1 with side-chain triazoles and P2 without side-chain triazoles. (B) CD spectra 
of P1 upon stepwise addition of concentrated HCl. (C) The mean residue molar ellipticity of P1 at 
222 nm (-[θ]222nm) after alternating addition of HCl and NaOH over five cycles. At pH ~2.8 (light 
grey background), P1 adopts an α-helical conformation with a positive -[θ]222nm value; at pH ~9.5 
(white background), the value of -[θ]222nm is approximately zero indicating a random coil structure. 
(D) 1H NMR spectra of P1 in D2O under basic (top, pH ~ 12) and acidic (bottom, pH ~ 2) 
conditions. 
 
 
 
200 210 220 230 240 250
-25
-20
-15
-10
-5
0
5
 
 
[
] 
×
 1
0
-3
 (
d
e
g
 c
m
2
 d
m
o
l-
1
)
 (nm)
  7.7
  6.7
  5.8
  3.9
  1.6
pH
0 100 200 300 400 500
0
4
8
12
pKa = 4.1
p
H
V(HCl)/L
pH = 6.6
  P1
  P2
1 2 3 4 5
-5
0
5
10
15
 
 
-[

] 2
2
2
n
m
 ´
 1
0
-3
 (
d
e
g
 c
m
2
 d
m
o
l-
1
)
Alternating pH Tuning Cycle
8.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
d
g ea c
f
b
ih
dg e
a
c
f b
ih
 (ppm)
(A) (B)
(C) (D)
20 
2.3 Molecular dynamics simulation of triazole polypeptides 
 
Figure 2.5 MD simulations of P1. (A) Time trace of the root mean squared deviation of the 
backbone Cα atoms from an ideal α-helix (RMSDhelix). Representative snapshots of each 
polypeptide were visualized in VMD36, where water molecules have been removed for clarity of 
viewing. (B) The effective helix radius rhelix  calculated from the mean radial distance of the 
backbone Cα atoms in a two-dimensional projection orthogonal to a best fit of the polypeptide 
backbone to an ideal helix (rhelix
ideal  = 0.23 nm). (C) The twist angle γ
helix
 between successive residues 
projected along the best fit of the polypeptide backbone to an ideal helix (γ
helix
ideal  = 100°). (D) CD 
spectra of P1 (10-mer) under acidic and basic conditions. 
To confirm the impact of the side-chain H-bonding pattern on the conformation of the 
polypeptides, we performed all-atom MD simulations to probe the conformation of molecules. 
This technique has already been widely used to study the folding process of proteins37. P1-triazole 
(no triazoles protonated, BHB pattern) and P1-triazolium (all triazoles protonated, UHB pattern) 
were selected to represent the triazole polypeptide at neutral and acidic pH, respectively. 
Polypeptide chains were modeled using the GROMOS 54A7 force field38 and denatured into 
unstructured random coils by applying an artificial stretching potential between the terminal Cα 
atoms. Each polypeptide was then placed in a cubic box with periodic boundary conditions and 
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solvated by SPC water molecules39 at 298K and 1 bar. During the 100 ns simulation, P1-triazole 
remained as a random coil, whereas P1-triazolium spontaneously folded into an α-helix after ~40 
ns, and remained in that state for the duration of the run, indicating a stable α-helix formation 
(Figure 2.5). Excluding the two terminal residues to reduce chain-end effects, P1-triazolium adopts 
a nearly ideal α-helix with a helical radius rhelix = (0.233 ± 0.004) nm and a twist angle γhelix = (98 
± 1)o in excellent agreement to that of an ideal α-helix (rhelix
ideal= 0.23 nm, γ
helix
ideal  = 100o) (Figure 2.5). 
The average root mean squared deviation of the backbone Cα atoms from an ideal α-helix 
(RMSDhelix) is (0.04 ± 0.02) nm (Figure 2.5). In order to compare the results of the simulation with 
experimental data, we synthesized a short 10-mer of P1 and analyzed it by CD spectroscopy under 
neutral and acidic conditions (Figure 2.5). The experimental mean residue molar ellipticity values 
([θ]222 nm) are in excellent agreement with the prediction from simulation trajectories using Dichro-
Calc40. At neutral pH, the 10-mer of P1 adopts a random coil conformation and possesses a [θ]222 
nm value of -0.3 × 10
3 deg cm2 dmol-1, agreeing with that predicted from MD simulation (-1.8 ± 
2.8) × 103 deg cm2 dmol-1. Under acidic conditions where P1 adopts a helical conformation, the 
measured ellipticity shifts to -7.4 × 103 deg cm2 dmol-1 and is again in agreement with the value 
of (-9.2 ± 1.5) × 103 deg cm2 dmol-1 predicted by simulation. The slightly reduced ellipticity value 
of P1 at pH 1.8 compared to the simulated value likely stems from the incomplete protonation of 
the triazole side-chains experimentally. 
The trajectories from MD simulations allow us to further understand the detailed structure of 
P1 at the atomic level. Consistent with its random coil conformation, the center of mass of P1-
triazole is accessible to water molecules (Figure 2.6), indicating the complete hydration of 
backbone peptide bonds. More than 90% of the backbone amides form H-bonds with the solvent 
water in P1-triazole (Figure 2.6), suggesting the influx of water helps to stabilize the free backbone 
carbonyl/N-H groups. The key role of backbone hydration in enabling the disruption of the α-helix 
is also supported by a non-ionic control triazole polypeptide, P6, which adopts a stable α-helical 
conformation in water-free organic solvent (Figure 2.6). As a comparison with P1-triazole, a ~0.4 
nm water depletion zone is present around the center of mass of the helical P1-triazolium due to 
the compact packing of backbone atoms (Figure 2.6). Compared with P1- triazole, the analysis of 
the H-bonding partners of P1-triazolium reveals an increase in the number of H-bonds between 
peptide backbones, accompanied by a reduction in the number of backbone-water H-bonds, 
agreeing with the transition to an α-helical conformation (Figure 2.6). The relatively low degree 
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of backbone peptide-peptide H-bonding even at α-helical conformation (0.4 per residue) is 
attributed to the dangling peptide bond at the chain termini (~four dangling carbonyl/N-H groups 
at each end, the analysis of the H-bonding partners eliminating the chain- end effect is shown in 
Figure 2.6). 
 
Figure 2.6 Analysis of hydrogen bond distribution and backbone hydration of P1 based on MD 
results. (A) Radial distribution function between the polypeptide backbone center of mass and the 
water solvent O atoms, g(rCOM-OW) for P1-triazole and P1-triazolium over the final 50 ns of the 
simulation employing a bin size of 0.04 nm. The thin dotted lines flanking each curve denote 
standard errors estimated by block averaging over five 10 ns blocks. The inset shows an enlarged 
view of the water depletion zone. (B) Analysis of H-bonding partners for all residues (i) within the 
polypeptide backbone (B-B), (ii) between the backbone and water (B-W), and (iii) between the 
backbone and side-chain triazole/triazolium (B-S). (C) CD spectrum of P6 in CHCl3. (D) Analysis 
of H-bonding partners for the central residues (Residue 5 and Residue 6) of P1-triazolium. (i) 
within the polypeptide backbone (B-B), (ii) between the backbone and water (B-W), and (iii) 
between the backbone and side-chain triazolium (B-S). 
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2.4 Small angle neutron scattering study of triazole polypeptides 
 
Figure 2.7 Small angle neutron scattering tests of P1. (A, B) Scattering patterns of P1 in different 
D2O/H2O solvents at pH 2.0 (A) and pH 8.0 (B). (C) Linear regression of the fitted scattering 
length density (SLD) of the polypeptide and the SLD of the solvent. (D) Confirmation of SLDh-pep 
with the intercepts obtained from fitting in C. 
The MD simulations provide useful information concerning the polypeptide conformation and 
the hydration of backbones, but are limited to the study of short peptides (10-mer) under ideal 
conditions (100% protonation of side-chains for P1-triazolium). In order to further characterize 
the actual structure adopted by longer (50-mer), incompletely protonated polypeptides P1, SANS 
was conducted at different pH values. SANS is a useful technique to probe the structural 
information of biological polymers, including the size, shape, and water content41. Three solvent 
conditions with varying D2O/H2O fractions (D2O = 100%, 75%, and 50%, v/v) were used to 
dissolve P1 (50-mer) at both acidic (pH = 2.0) and basic conditions (pH = 8.0). The scattering 
curves of P1 at both pH values indicate an initial q-3.5 ~ q-3.7 decay (for q = 0.006 ~ 0.017Å-1), 
presumably attributed to the surface scattering of some large aggregates. Afterwards (i.e., q > 0.017 
Å-1) the SANS data can be described by a cylindrical form factor for both samples. Additionally, 
a Hayter-Penfold structure factor42, 43 accounting for the Coulombic repulsion between polymer 
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chains is included for both conditions. (Figure 2.7). The random coiled polymer at basic pH was 
also fit with a cylindrical form factor to make a good comparison with the helical polymer at acidic 
pH. 
The morphology and neutron scattering length density (SLD) of the P1 cylinder were then 
obtained through the simultaneous fitting process on the samples with different D2O/H2O 
compositions. The optimized fitting parameters for P1 under both acidic and basic conditions 
resulted in similar radii (~1.3 nm). The cylindrical length for P1 under acidic conditions (~7.5 nm) 
is slightly longer than that under basic conditions (~6.2 nm), indicating a more extended length for 
the helical conformation compared to the coil structure. The volume fraction of water, based on 
the SLDs under different contrast conditions, was determined to be 51% and 59% for pH = 2.0 and 
pH = 8.0 samples, respectively (from the slopes of the lines in Figure 2.7). The lower fraction of 
water under acidic condition agrees with the observation of a water depletion zone (Figure 2.6) in 
P1-triazolium (10-mer) from simulation trajectories, confirming the α-helical conformation of P1 
at pH 2.0 even the side-chain triazoles are not 100% protonated. 
 
2.5 Materials and methods 
Materials. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used 
as received unless otherwise specified. Anhydrous dimethylformamide (DMF) was dried by a 
column packed with 4Å molecular sieves and stored in a glovebox. Anhydrous tetrahydrofuran 
(THF) and hexane were dried by a column packed with alumina. Hexamethyldisilazane (HMDS) 
was dissolved in anhydrous DMF and stored in the freezer in a glovebox. Spectra/Por RC dialysis 
tubing with a molecular weight cut-off (MWCO) of 1 kDa was purchased from Spectrum 
Laboratories (Rancho Dominguez, CA, USA). 
Instrumentation. 1H NMR spectra were recorded on a Varian U500 spectrometer. Chemical 
shifts were reported in ppm and referenced to the solvent proton impurities. Gel permeation 
chromatography (GPC) experiments were performed on a system equipped with an isocratic pump 
(Model 1100, Agilent Technology, Santa Clara, CA, USA), a DAWN HELEOS multi-angle laser 
light scattering detector (MALLS) detector (Wyatt Technology, Santa Barbara, CA, USA), and an 
Optilab rEX refractive index detector (Wyatt Technology, Santa Barbara, CA, USA). The 
detection wavelength of HELEOS was set at 658 nm. Separations were performed using serially 
connected size exclusion columns (102 Å, 103 Å, 104 Å, 105 Å, and 106 Å Phenogel columns, 5 
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µm, 300 × 7.8 mm, Phenomenex, Torrance, CA, USA) at 60 °C using DMF containing 0.1 mol/L 
LiBr as the mobile phase. The MALLS detector was calibrated using pure toluene and can be used 
for the determination of the absolute molecular weights (MWs). The MWs of polymers were 
determined based on the dn/dc value of each polymer sample calculated offline by using the 
internal calibration system processed by the ASTRA 6 software (version 6.1.1.17, Wyatt 
Technology, Santa Barbara, CA, USA). MALDI-TOF spectra were collected on a Bruker Ultra 
Flextreme equipped with a 337 nm nitrogen laser. An accelerating voltage of 25 kV was applied, 
acquiring 500 shots for each sample. Samples were prepared using α-cyano-4-hydroxycinnamic 
acid (CHCA) as the matrix (10 mg/mL in THF), and sodium trifluoroacetate as the cationization 
agent (10 mg/mL in THF). Samples were dissolved in THF (10 mg/mL). Solutions of matrix, salt, 
and polymer were mixed in a volume ratio of 4:1:1, respectively. The mixed solutions (0.5 µL) 
were hand spotted on a stainless steel MALDI target and allowed to dry completely. All spectra 
were recorded in reflectron mode. Circular dichroism (CD) measurements were carried out on a 
JASCO J-815 CD spectrometer (JASCO, Easton, MD, USA). The mean residue molar ellipticity 
of each polypeptide was calculated on the basis of the measured apparent ellipticity by following 
the literature-reported formulas: Ellipticity ([θ] in deg cm2 dmol-1) = (millidegrees × mean residue 
weight)/(path length in millimetres × concentration of polypeptide in mg mL-1)44, 45. Infrared 
spectra were recorded on a Perkin Elmer 100 serial FTIR spectrophotometer calibrated with 
polystyrene film (PerkinElmer, Santa Clara, CA, USA). Lyophilization was performed on a 
FreeZone lyophilizer (Labconco, Kansas City, MO, USA). 
Simulation methods. We conducted all-atom molecular dynamics simulations of P1-triazole 
and P1-triazolium using the GROMACS 4.6 simulation suite46. Initial polypeptide configurations 
were produced using the Bax Group PDB Utility Server 
(http://spin.niddk.nih.gov/bax/nmrserver/pdbutil) to construct helical polypeptide backbones, the 
Automated Topology Builder (ATB) server (http://compbio.biosci.uq.edu.au/atb/)47-49 to generate 
side-chain coordinates, and an in-house code to graft the side-chains to the backbone. Polypeptides 
were modeled using the GROMOS 54A7 force field38 augmented with the bonded and non-bonded 
interactions for the synthetic side-chains computed using the ATB server47-49. Polypeptides were 
prepared as zwitterions. Partial charges for the backbone atoms were assigned from the GROMOS 
54A7 force field, and those on the side-chains assigned from quantum mechanical predictions 
using GAMESS-US at a B3LYP/6-31G* level of theory50. The high-pH triazole polypeptide 
26 
possesses a net charge of +10 due to the positively charged terminal trimethylammonium groups 
on each side-chain. The low-pH triazolium polypeptide carries a net charge of +20 due to 
additional protonation of each N3 in the triazole ring. Polypeptide chains were denatured into 
random coils by applying an artificial stretching potential (“computational tweezers”) to separate 
the terminal Cα atoms and produce an unstructured, elongated configuration. The polypeptides 
were then placed in a 5×5×5 nm cubic box with periodic boundary conditions and solvated by SPC 
water molecules39 to a density of 0.991 g/cm3 along with 10 or 20 Cl- ions to maintain charge 
neutrality. The simulation box was sufficiently large such that with a real space cutoff of 1.0 nm 
the polypeptide did not interact with its images through the periodic boundary conditions. 
Molecular dynamics simulations were conducted using the GROMACS 4.6 simulation suite46. 
High energy overlaps in the initial solvated polypeptide configurations were eliminated by steepest 
descent energy minimization to remove forces exceeding 500 kJ/mol-nm. Simulations were 
conducted in the NPT ensemble at 298 K and 1 bar employing a Nosé-Hoover thermostat51 and 
Parrinello-Rahman barostat52. Atoms were randomly assigned initial velocities from a Maxwell 
distribution at 298 K. Equations of motion were numerically integrated using a leap-frog algorithm 
with a 2 fs time step53. Bond lengths were fixed by the LINCS algorithm to improve efficiency54. 
Coulombic interactions were evaluated using the Particle Mesh Ewald (PME) algorithm with a 
real-space cutoff of 1.0 nm and a 0.12 nm Fourier grid spacing55. Lennard-Jones interactions were 
shifted smoothly to zero at 1.0 nm, and Lorentz-Berthelot combining rules used to determine 
interaction parameters between unlike atoms56. A short 1 ns equilibration run was conducted, 
before commencing a long 100 ns production run using NVIDIA Tesla M2070 GPU cards. 
Simulation snapshots were harvested for analysis every 50 ps. Simulation trajectories were 
visualized using VMD36 and analyzed using the built-in GROMACS tools46, Matlab R2014a57, 
and Matlab R2016a58. 
Structural analyses of each polypeptide were restricted to the terminal 50 ns of the trajectory 
after the secondary structure had equilibrated. A hydrogen bond is defined as a donor and acceptor 
atom within 0.35 nm and the H atom inclined by no more than 60o 59, 60. For the radial distribution 
function (g(rCOM-OW)) presented (Figure 2.6), g(rCOM-OW) converges to slightly above unity due to 
the excluded volume of the polypeptide reducing the volume available to the solvent which, for 
small simulation boxes, imposes a non-negligible reduction in the mean water density computed 
without accounting for this excluded volume. A finite value of g(rCOM-OW = 0 nm) is due to the 
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center of mass of the unstructured P1-triazole becoming coincident with interstitial solvent 
molecules residing within the core of the random coil. 
Circular dichroism (CD) tests of polypeptide. Polypeptides were dissolved in DI water at a 
concentration of 0.06 or 0.6 mg/mL. The pH value of the solution was adjusted by adding a specific 
volume of concentrated HCl or NaOH, and the solution pH was measured by pH meter (Oakton 
Instruments, Vernon Hills, IL, USA). After the pH was adjusted to the desired value, the 
polypeptide solution was transferred to a quartz cuvette (pathlength = 1 or 10 mm) for CD tests. 
Small angle neutron scattering (SANS). Three D2O/H2O solvents with various D2O 
percentage (100%, 75%, and 50%, v/v) were used to dissolve the polypeptide sample in order to 
yield three contrasts in order to probe the water content in the polypeptides. The pH of those 
solutions were adjusted by adding HCl or NaOH to reach pH = 2.0 or 8.0. The final concentration 
of the polypeptide is ~ 0.83% (w/v) and the salt concentration is ~ 0.018 M. 
SANS experiments were conducted at NGB located at the National Institute of Science and 
Technology (NIST) Center for Neutron Research (NCNR, Gaithersburg, MD, USA). The SANS 
data were collected at two different sample-to-detector distances (i.e. 7 and 4 m) using 6 Å 
wavelength neutrons, yielding a q range from 0.006 to 0.32 Å−1. Here, q is defined as the scattering 
vector that 𝑞 ≡
4𝜋
𝜆
𝑠𝑖𝑛
𝜃
2
, where θ is the scattering angle and λ is the neutron wavelength. The 2D 
raw data were corrected for detector sensitivity, background, sample transmission, empty cell 
scattering, and transmission. The corrected data were then circularly averaged, yielding the 
customary 1D profiles, which were then put on an absolute intensity scale using the measured 
incident beam flux. 
SANS data analysis. SASView 4.0.1 was used to analyze the 1-D scattering patterns61. In this 
study, the scattering intensity, I(q) is expressed as (SLDh-pep –SLDsol)2P(q)S(q) + Aq-α, where is 
the volume fraction of the hydrated peptide, SLDh-pep and SLDsol are the scattering length densities 
(SLDs) of the hydrated peptide and solvent, P(q) and S(q) are the form and structure factors, 
corresponding to the intra- and inter-particle interferences, respectively. The multiplication of P(q) 
and S(q) is used to describe the scattering data of individual polypeptide. Here, we chose a cylinder 
form factor62 and a Hayter-Penfold structure factor accounting for interparticle interaction among 
charged particles42, 43 based on the enhanced rigidity of the backbone due to the bulky side groups. 
The second term of the intensity function, Aq-α describes the low-q (from 0.006 to 0.02 Å−1) 
intensity decay observed in the data, implying the large-scale aggregates in the system, whose 
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scattering signal was considered to be independent from that of the individual peptide. 
Simultaneous fitting was applied to the SANS data of the peptide in acidic and basic conditions, 
respectively, each with three contrast variations. The global fitting parameters (i.e., the values of 
the parameters being shared across the samples with different contrast conditions) include the 
radius and length of cylinder (parameters from P(q)), all parameters in S(q), prefactor A and the 
power index α. The only local fitting parameter allowed to vary for individual SANS data set was 
SLDh-pep. The SLDsol was calculated based on the compositions of D2O/H2O and kept unvaried 
during the fitting procedure. The value of  was known from experiment and set to be constant. 
The SLDh-pep can be expressed below. 
SLDh-pep = φsol × SLDsol + (1 - φsol) × SLDpep 
Where SLDh-pep is the best fitted SLD of the hydrated polypeptide, φsol is the volume fraction of 
solvent in the cylinder, SLDsol is the SLD of solvent, and SLDpep is the calculated SLD of the dry 
polypeptide. Therefore, a linear relationship is expected as SLDh-pep is plotted versus SLDsol and 
the slope of the line yields the volume fraction of solvent in the polypeptide. The y-intercept should 
be the product of the volume fraction of polypeptide, (1 - φsol) and SLDpep shown as the open 
symbols in Figure 2.7. Note that the slight mismatch between the two intercepts in acidic and basic 
conditions is presumably due to the different volume fraction of solvent. The linearity of data 
further confirms the best fitting values for SLDh-pep and φsol are reasonable. 
Synthesis of polypeptide with azide-terminated side chains. Polypeptides with azide-
terminated side chains were synthesized following the literature procedure starting from chlorine-
funcationalized glutamate27 (Scheme 2.1). PAPLG (x = 1, L-configuration) was obtained starting 
from L-glutamic acid and 3-chloropropanol, PAPDLG (x = 1, DL-configuration) was obtained 
starting from racemic DL-glutamic acid and 3-chloropropanol, and PAHLG (x = 3, L-configuration) 
was obtained starting from L-glutamic acid and 6-chlorohexanol. 
 
Scheme 2.1 Synthetic route to azide-functionalized polypeptides. 
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Synthesis of alkyne-functionalized ammonium salts. Alkyne-functionalized ammonium salts 
were synthesized through the reaction between electrophiles and tertiary amines. Depending on 
the spacer lengths between alkyne and ammonium, we developed two routes as shown in Scheme 
2.2. 
 
Scheme 2.2 Synthetic route to alkyne-functionalized ammonium salts. 
Route 1: Synthesis of alkyne-functionalized small molecules with short spacer length (PrTA) 
3-Dimethylamino-1-propyne (500 μL, 4.64 mmol) was dissolved in ether (1.0 mL) in a 7-mL 
glass vial charged with a stir bar, into which ether solution (1.0 mL) of iodomethane (289 μL, 4.64 
mmol) was dropwise added. White precipitates were observed immediately. The resulting mixture 
was stirred at rt overnight. The solid was isolated by centrifugation, washed three times by ether, 
and dried under vacuum. The product N,N,N-trimethylpropargylammonium iodide (PrTA) was 
obtained as white powder (913 mg, 87% yield). 1H NMR (D2O): δ 4.27 (s, 2H, HC≡CCH2-), 3.24 
(s, 10H, (CH3)3N
+ - and HC≡C-). 13C NMR (D2O): δ 82.1, 71.2, 56.5, 53.0. 
Route 2: Synthesis of alkyne-functionalized small molecules with long spacer length (BuTA 
and PeTA) 
But-3-yn-1-yl methanesulfonate (BuOMs) and pent-4-yn-1-yl methanesulfonate (PeOMs) were 
synthesized following a literature procedure63. Methanesulfonylchloride (6.0 mL, 77.5 mmol) was 
added dropwise to a stirred solution of 3-butyn-1-ol (4.0 mL, 52.8 mmol) and triethylamine (10.5 
mL, 75.3 mmol) in dichloromethane (50 mL) at 0 oC. After stirring at rt overnight, water (100 mL) 
was added to the reaction mixture. The organic layer was separated, washed with water (100 mL 
× 4), and dried over anhydrous sodium sulfate. The final product BuOMs was obtained as a brown 
oily liquid after the removal of solvent (9.8 g, 90% yield). 1H NMR (CDCl3): δ 4.30 (t, J = 6.7 Hz, 
2H, CH3SO3CH2-), 3.05 (s, 3H, CH3SO2-), 2.66 (dt, J = 6.7, 2.6 Hz, 2H, HC≡CCH2-), 2.06 (t, J = 
2.6 Hz, 1H, HC≡C-). 13C NMR (CDCl3): δ 78.6, 70.9, 67.0, 37.6, 19.7. 
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PeOMs was synthesized with the same method using 4-pentyn-1-ol (93% yield). 1H NMR 
(CDCl3): δ 4.34 (t, J = 6.1 Hz, 2H, CH3SO3CH2-), 3.02 (s, 3H, CH3SO2-), 2.36 (dt, J = 6.8, 2.7 Hz, 
2H, HC≡CCH2-), 2.00 (t, J = 2.7 Hz, 1H, HC≡C-), 1.95 (m, 2H, HC≡CCH2CH2-). 13C NMR 
(CDCl3): δ 82.0, 69.8, 68.2, 37.2, 27.7, 14.6. 
BuOMs (1 g, 6.75 mmol) was dissolved in ethanol in a Schlenk tube, trimethylamine (4.2 M in 
ethanol, 5.0 mL, 21 mmol) was added and the solution was refluxed at 70 oC overnight. The solvent 
and excessive trimethylamine were removed under vacuum. The product BuTA was recrystallized 
in ethanol to yield a white crystal (0.96 g, 69% yield). 1H NMR (D2O): δ 3.40 (t, J = 7.1 Hz, 2H, 
(CH3)3N
+CH2-), 3.01 (s, 10H, (CH3)3N
+CH2- and HC≡C-), 2.66 (m, 2H, HC≡CCH2-), 2.63 (s, 3H, 
CH3SO3
-). 13C NMR (D2O): δ 79.2, 72.5, 64.3, 53.3, 44.8, 13.6. 
PeTA was synthesized with the same method using PeOMs (73% yield). 1H NMR (D2O): δ 3.34 
(m, 2H, (CH3)3N
+CH2-), 3.03 (s, 10H, (CH3)3N
+CH2- and HC≡C-), 2.69 (s, 3H, CH3SO3-), 2.26 
(dt, J = 6.7, 2.8 Hz, 2H, HC≡CCH2-), 1.92 (m, 2H, HC≡CCH2CH2-). 13C NMR (D2O): δ 83.0, 70.9, 
65.7, 53.1, 44.0, 21.5, 15.0. 
 
Synthesis of triazole polypeptides. P1, P3-P6 were synthesized with copper-catalyzed 
Huisgen click chemistry following a literature procedure27, 64 (Scheme 2.3). 
 
Scheme 2.3 Synthetic route to triazole polypeptides. 
In a glovebox, PAPLG (40 mg, 0.19 mmol of side-chain azido groups), PMDETA (19.7 μL, 
0.09 mmol) and alkyne-functionalized small molecules (0.28 mmol) were dissolved in DMF (1 
mL). The resulting solution was transferred into a small vial charged with CuBr (2.7 mg, 0.02 
mmol) and a magnetic stir bar. The mixture was stirred at room temperature for 24 h. The reaction 
was then quenched by transferring out of glovebox and exposing to air. The solution was first 
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dialyzed against EDTA/NaCl aqueous solution for 1 h to promote copper removal and anion 
exchange (MWCO = 1 kDa), and then further purified by dialysis against DI water for 6 h (DI 
water changed every hour). The final triazole polypeptides were obtained as light yellow powder 
(65-82% yield). 
P1 was synthesized with the reaction between PAPLG and PrTA. 1H NMR (TFA-d): δ 8.52 (s, 
1H, Triazole-H), 4.96-4.60 (m, 5H, α-H, -COOCH2CH2CH2-, and -CH2N+(CH3)3), 4.28 (s, 2H, -
COOCH2CH2CH2-), 3.24 (s, 9H, (CH3)3N
+-), 2.63 (s, 2H, -CH2CH2COO-), 2.42 (s, 2H, -
COOCH2CH2CH2-), 2.35-2.03 (m, 2H, -CH2CH2COO-). 
P3 was synthesized with the reaction between PAHLG and PrTA. 1H NMR (TFA-d): δ 4.85 (s, 
5H, α-H, -CH2(CH2)4CH2OOC- and (CH3)3N+CH2-), 4.29 (s, 2H, -CH2OOC-), 3.47 (s, 9H, 
(CH3)3N
+-), 2.72 (s, 2H, -CH2CH2COO-), 2.48-2.06 (m, 4H, -CH2(CH2)3CH2OOC- and -
CH2CH2COO-), 1.82 (s, 2H, -CH2CH2OOC-),), 1.56 (s, 4H, -(CH2)2CH2CH2OOC-). 
P4 was synthesized with the reaction between PAPLG and BuTA. 1H NMR (TFA-d): δ 8.46 (s, 
1H, Triazole-H), 4.91-4.64 (m, 3H, α-H and -COOCH2CH2CH2-), 4.30 (s, 2H, -
COOCH2CH2CH2-), 3.83 (m, 2H, -CH2CH2N
+(CH3)3), 3.69 (m, 2H, -CH2CH2N
+(CH3)3), 3.30 (s, 
9H, (CH3)3N
+-), 2.63 (s, 2H, -CH2CH2COO-), 2.45 (s, 2H, -COOCH2CH2CH2-), 2.37-2.06 (m, 2H, 
-CH2CH2COO-). 
P5 was synthesized with the reaction between PAPLG and PeTA. 1H NMR (TFA-d): δ 8.37 (s, 
1H, Triazole-H), 4.94-4.66 (m, 3H, α-H and -COOCH2CH2CH2-), 4.35 (s, 2H, -
COOCH2CH2CH2-), 3.56 (m, 2H, -CH2CH2CH2N
+(CH3)3), 3.23 (s, 9H, (CH3)3N
+-), 3.13 (m, 2H, 
-CH2CH2CH2N
+(CH3)3), 2.67 (s, 2H, -CH2CH2COO-), 2.50 (s, 2H, -COOCH2CH2CH2-), 2.46-
2.27 (m, 2H, -CH2CH2COO-), 2.17 (s, 2H, -CH2CH2CH2N
+(CH3)3). 
P6 was synthesized with the reaction between PAPLG and 1-heptyne. Since P6 is not water 
soluble, we use precipitation to purify P6 instead of dialysis. After the quenching of Cu(I) with air, 
the copper salts were filtered through a packed neutral Al2O3 column. P6 was then purified by 
precipitation with hexane/ether three times (1:1, v/v). 1H NMR (TFA-d): δ 8.17 (s, 1H, Triazole-
H), 4.75 (s, 3H, α-H and -COOCH2CH2CH2-), 4.34 (s, 2H, -COOCH2CH2CH2-), 2.93 (s, 2H, -
CH2CH2(CH2)2CH3), 2.70 (s, 2H, -CH2CH2COO-), 2.48 (s, 2H, -COOCH2CH2CH2-), 2.40-2.09 
(m, 2H, -CH2CH2COO-), 1.78 (s, 2H, -CH2CH2(CH2)2CH3), 1.38 (s, 4H, -CH2CH2(CH2)2CH3), 
0.91 (m, 3H, J = 6.5 Hz, -CH2CH2(CH2)2CH3),. 
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Synthesis of control polypeptides without side-chain triazoles. P2 were synthesized through 
nucleophilic reaction of side-chain terminal chlorine with tertiary amine28 (Scheme 2.4). 
 
Scheme 2.4 Synthetic route to control polypeptides without side-chain triazoles. 
Poly(γ-(6-chlorohexyl)-L-glutamate) (PCHLG, 86.5 mg, 0.35 mmol of side-chain chloro groups) 
was dissolved in DMF (2.0 mL), NaI (157 mg, 1.05 mmol) was dissolved in acetonitrile (2.0 mL). 
Both solutions were transferred to a 25-mL Schlenk tube, into which triethylamine (97.5 μL, 0.70 
mmol) was added. The resulting mixture was then stirred at 80 oC for 48 h. After most DMF and 
acetonitrile was removed under vacuum, NaCl aqueous solution (1.0 M, 3 mL) was added and the 
solution stirred for 3 h at rt to promote anion exchange. The product was purified by dialysis 
(MWCO = 1 kDa) against DI water for 1 day (DI water change every 3 h). The product P2 was 
obtained as light yellow powder after lyophilization (88.2 mg, 72% yield). 1H NMR (TFA-d): δ 
4.71 (s, 1H, α-H), 4.15 (s, 2H, -COOCH2(CH2)4CH2-), 3.30-3.01 (m, 8H, -CH2N+(CH2CH3)3), 2.58 
(s, 2H, -CH2CH2COO-), 2.31-2.01 (m, 2H, -CH2CH2COO-), 1.75-1.35 (m, 8H, -
COOCH2(CH2)4CH2-), 1.28 (s, 9H, (CH3CH2)3N
+-). 
 
2.6 Conclusion 
The modulation of the polypeptide backbone conformation via the side-chain H-bonding pattern 
is reminiscent of the widely used protein denaturant urea, which possesses H-bond donor (amide 
hydrogens) and acceptor (carbonyl oxygen) groups that endow it with a BHB pattern65, 66. Two 
principal theories have been proposed for its mechanism of action: the “direct mechanism” wherein 
urea binds to and stabilizes the denatured state, and the “indirect mechanism” wherein urea 
modifies the water H-bonding network to suppress the hydrophobic effect and favor the exposure 
of buried hydrophobic residues65. Despite a plethora of primarily simulation but also some 
experimental studies, the precise molecular mechanism remains poorly understood65, 66. Drawing 
an analogy with this body of work, we suggest that the side-chain BHB moieties may disrupt the 
backbone α-helical conformation through one or both of these direct and indirect pathways, and 
that resolution of the precise molecular mechanism will prove to be rather challenging. 
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In summary, we have demonstrated that side-chain moieties capable of undergoing H-bond 
donor-acceptor interactions can be utilized to alter the conformation of the polypeptide. The 
polypeptides bearing BHB pattern based side-chain groups adopted random coil conformations, 
whereas the backbone of the polypeptides folded into an α-helix when the side-chain H-bonding 
pattern became UHB. Specifically, we showed that 1,2,3-triazole containing polypeptides can 
utilize this mechanism to undergo a reversible conformational change between the α-helical and 
random-coiled state in response to the change in the H-bonding pattern of side-chain ligands. The 
facile synthesis of triazole polypeptides using click chemistry allows the incorporation of a variety 
of functional groups into the material design, making this system a valuable platform for basic 
mechanistic studies on polypeptide conformation as well as for the design of new responsive 
materials. 
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CHAPTER 3 
STRUCTURE CONTROL OF TRIAZOLE POLYPEPTIDES FOR TUNABLE HELIX-
COIL TRANSITION 
 
3.1 Introduction 
Synthetic polypeptides have gained increasing attention during the past two decades, not only 
as promising biomaterials1, 2, but also as simplified model polymers of natural proteins3. The ability 
of polypeptides to form secondary structures, especially the α-helix4, 5, is one of the most 
fascinating properties to scientists for fundamental studies. The studies of polypeptide have 
revealed that their conformation is sensitive to the side-chain structures, a feature that is similar 
with their natural protein analogs. The attractive or repulsive non-covalent interactions between 
side chains, including Coulomb forces, hydrophobic interactions, π-π stacking, and dipole-dipole 
interactions, are able to alter the spatial organization of backbone atoms, thus facilitating or 
disrupting the backbone-backbone hydrogen bonding (H-bonding) formations for backbone 
folding. 
Among these non-covalent interactions, Coulomb forces5, 6 and hydrophobic interactions5-8 are 
two most common and well-studied molecular forces in polypeptides. The impact of side-chain 
charge interaction on the secondary structure of polypeptides are known for a long time since 
1960s9, 10, where the conformation of poly(L-lysine) (PLL) and poly(L-glutamic acid) (PLG) is pH-
sensitive (Figure 3.1). PLL and PLG adopt random coiled conformation at charged states (pH < 
9.5 for PLL and pH > 6.0 for PLG) mainly because the side-chain charge repulsions prevent the 
close packing of backbone peptides. On the contrary, these two polymers recover the α-helical 
conformation when the side-chain charges are removed by tuning the pH value of the solution. 
This “side-chain charge exposure/masking” strategy is useful to design polypeptide materials with 
trigger-responsive conformational changes11-13. Taking PLG derivatives as an example, the side-
chain negative charges were first masked by protonation11, metal coordination12, or chemical 
protecting group13, which can be removed to expose the anions upon deprotonation, ligand 
exchange, or chemical deprotection, respectively. The polymers therefore exhibited a trigger-
responsive helix-to-coil transitions for vesicle disassembly12 or DNA unpacking applications13. 
Side-chain hydrophobic interactions, on the other hand, usually stabilize the α-helical 
conformation by facilitating the backbone dehydration5-8, which was used to design ultra-stable α-
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helix that is stable against increasing temperature or denaturants (i.e., urea)5. Finally, a unique 
side-chain interaction was reported by Deming et al., where they observed a redox-responsive 
helix-coil transition of poly(L-cysteine) and poly(L-homocysteine) derivatives
14, 15. The oxidation 
of side-chain thioether into sulfone groups dramatically increase the side-chain dipole-dipole 
interaction, which disrupted the α-helix. 
 
Figure 3.1 Chemical structures and helicity-pH plot of poly(L-lysine) (PLL, A) and poly(L-
glutamic acid) (PLG, B). 
We reported the impact of side-chain H-bonding pattern on polypeptide conformation in 
Chapter 2. Triazole polypeptides were used to demonstrate side-chain ligands with binary H-
bonding (BHB) pattern can disrupt the α-helical conformation, while unitary H-bonding (UHB) 
moieties exhibit much less disrupting effect. However, it remains unknown how other side-chain 
interactions could alter the conformation of polypeptides. Herein, we studied the impact of side-
chain hydrophobic interaction and the additional H-bonding ligands on the helix-coil transition of 
triazole polypeptides, aiming to get more understanding on the transition mechanism. Taking 
advantage of the versatile Huisgen azide-alkyne click chemistry16, 17, a library of triazole 
polypeptides were synthesized with precise control of side-chain structures. We have shown that 
the triazole polypeptides with either increased side-chain hydrophobic interaction or additional 
side-chain H-bonding adopted α-helical conformation even at neutral and basic pH. 
 
3.2 The impact of side-chain hydrophobic interaction on the helix-coil transition behavior of 
triazole polypeptides 
To better visualize the pH-dependent helix-coil transition behavior of triazole polypeptides, the 
negative values of ellipticity at 222 nm (-[θ]222nm) was plotted against pH in a range of 1-11. The 
values of -[θ]222nm are widely used to indicate the α-helix content18: the positive value indicates an 
H
e
lic
it
y
(B)(A)
H
e
lic
it
y
PLL PLG
4 5 6 7 8
pH
7 8 9 10 11
pH
41 
α-helical conformation, and a number around zero indicates a random coil conformation. Therefore, 
the ellipticity-pH plot of P1 showed a gradual coil-to-helix transition when the pH was lowered 
(Figure 3.2). It should be noted that the transition curve is not sharp as observed in the pH-
dependent conformation change of PLL and PLG, where the helicity kept increasing as pH was 
lowered from 6 to 1. The mechanism for the “gradual” helix-coil transition behavior of P1 was 
still under investigation, which is likely related to the “flat” pH-titration curve of P1 (see Figure 
2.4 in Chapter 2) and indicates a gradual protonation of side-chain triazoles. The helicity is 
relatively low even at pH 1.6, being only 40% using the equation: percentage of α-helix = 
(−[θ]222nm + 3,000)/39,000 18. As a comparison, P2 without side-chain triazoles showed a pH-
independent α-helical structure with a much higher helicity of 64% (Figure 3.2). 
 
Figure 3.2 Chemical structures and ellipticity (-[θ]222nm)-pH plots of P1 and P2. 
To probe the impact of side-chain hydrophobicity on the helix-coil transition behavior of triazole 
polypeptides, a series of triazole polypeptides were synthesized with various hydrocarbon lengths 
of side-chain ammonium substitution (Figure 3.3). Triazole polypeptides with n-octyldimethyl 
substitution on side-chain ammonium (P11) still showed good solubility in water. However, 
further increasing the hydrocarbon lengths to n-nonyldimethyl or n-dodecyldimethyl substitution 
resulted in insoluble polypeptides that are difficult to characterize by CD, which is not the focus 
of this study. We first measured the CD spectra of triazole polypeptides at pH 3.0 and 7.0, where 
P1 showed different secondary structures due to the protonation of side-chain triazoles. As shown 
in Figure 3.3, P1 with trimethyl substitution, P7 with n-propyldimethyl substitution, and P8 with 
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n-pentyldimethyl substitution showed almost identical CD curves under both neutron (random coil) 
and acidic (α-helical) conditions, suggesting negligible effect of side-chain hydrophobic 
interactions on polypeptide conformation when the hydrocarbon chains are short. Further 
elongating the ammonium substitution to n-hexyldimethyl (P9) and n-heptyldimethyl (P10) led to 
the increase of helicity at both pH values (Figure 3.3), indicating the hydrophobic packing of long 
hydrocarbon chains counteract the disruptive effect from side-chain triazoles. Triazole 
polypeptides with n-octyldimethyl ammonium side chains (P11) showed similar CD curves at pH 
7.0 and pH 3.0 (Figure 3.3), demonstrating the complete inhibition of disrupting ability of side-
chain triazoles at neutral pH. 
 
Figure 3.3 CD spectra of triazole polypeptides P7-P11 with various hydrocarbon lengths of side-
chain ammonium substitution. (A) Chemical structures of P1 and P7-P11. (B, C) CD spectra of 
P7 and P8 at pH 7.0 (B) and pH 3.0 (C). (D, E) CD spectra of P9, P10, and P11 at pH 7.0 (D) and 
pH 3.0 (E). P1 was also presented for comparison and was shown in grey in Figure B-E. 
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The impact of side-chain hydrophobicity on polypeptide conformation was clearly shown in the 
ellipticity-pH plot (Figure 3.4). P7 and P8 with shorter hydrocarbon chains (C3 and C5) have 
similar pH-sensitive transition pattern compared with P1, being random coil at pH 7-10 and 
showed increased helicity as the pH is lowered. P9 and P10 with longer hydrocarbon chains (C6 
and C7), on the other hand, already adopted a weak α-helical conformation (helicity ~ 20%) at pH 
7-10. The pH-sensitive helicity increase was also observed for P9 and P10. Finally, P11 with the 
longest ammonium substitution (C8) exhibited pH-independent α-helical structure. The helicity 
(~60%) resembles that of P2 without triazole linkages and further confirms that strong side-chain 
hydrophobic packing can completely block the disrupting effect of BHB side-chain triazoles. 
 
Figure 3.4 Ellipticity (-[θ]222nm)-pH plots of P7-P8 (A) and P9-P11 (B). P1 was also presented for 
comparison and was shown in grey. 
We believe the pH-independent α-helical conformation of P11 results from the strengthened 
side-chain hydrophobic packing. The hydrophobic, long n-octyl chains on the side-chain 
ammonium groups prefer folding into the backbone region rather than staying in the aqueous 
environment (Figure 3.5), adopting lipid-like structures where the charged ammonium is exposed 
in the aqueous environment and the two “hydrophobic tails” (polypeptide side chains and the n-
octyl chains) reside in a relatively hydrophobic environment. This lipid-like structures 
significantly strengthen the side-chain hydrophobic packing, facilitating the dehydration of 
backbones even in the presence of side-chain BHB triazole groups (Figure 3.5). 
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Figure 3.5 Schematic illustration to interpret the conformation of triazole polypeptides with 
stronger side-chain hydrophobic interactions. (A) Analysis of possible conformations of n-octyl 
chains in P11. (B) Schematic illustration of the lipid-like side-chain structure of P11. Polypeptide 
backbones are colored in magenta and side chains are colored in cyan. The ammonium groups, 
triazole groups, and n-octyl chains are colored in wine, yellow, and green, respectively. 
 
3.3 The impact of additional side-chain hydrogen bonding ligands on the helix-coil transition 
behavior of triazole polypeptides 
Besides the synthesis and conformation analysis of triazole polypeptides with enhanced side-
chain hydrophobic interaction, we also prepared a series of triazole polypeptides with various 
charged groups including carboxylic acids (P12), guanidines (P13), and zwitterions (P14). 
Although our original plan is to study the impact of charged groups on helix-coil transition, we 
later realized these charged groups serve as additional side-chain H-bonding ligands to alter the 
conformation of triazole polypeptides. For example, the side-chain carboxylic acid groups in P12 
are well known as H-bonding acceptors, which are able to form H-bonds with the side-chain 
triazoles (Figure 3.6). The side-chain triazoles therefore act as “pseudo-UHB” groups since their 
H-bond donors are already saturated by the carboxylic acids, leading to the formation of α-helical 
structure even at non-protonated states (Figure 3.6). The CD spectrum of P12 at pH 7.0 indeed 
shows a typical α-helical conformation (Figure 3.7), supporting our hypothesis that the carboxylic 
acid can alter the conformation of triazole polypeptides as additional H-bonding ligands. P13 
Elongated 
ammonium 
substitution
(A)
(B)
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bearing side-chain guanidino groups and P14 with side-chain zwitterionic groups also adopted α-
helical structure (although with very low helicity), further indicating the role of side-chain H-
bonding ligands (Figure 3.7). 
 
Figure 3.6 Schematic illustration to interpret the conformation of triazole polypeptides with 
additional side-chain H-bonding ligands. (A) Scheme showing the H-bonding between triazole and 
carboxylic acid. (B) Schematic illustration of the conformation changes with additional H-bonding 
ligands (P12). Polypeptide backbones are colored in magenta and side chains are colored in cyan. 
The ammonium groups, BHB triazole groups, carboxylic acid groups, and pseudo-UHB triazole 
groups are colored in wine, yellow, green, and grey, respectively. 
Triazole polypeptides P12-P14 adopted α-helical conformation at acidic pH with higher helicity 
than that at neutral pH (Figure 3.7), although P12 became insoluble and precipitated out from the 
solution at pH < 5 (protonation of side-chain carboxylic acids). The ellipticity-pH plots clearly 
indicate similar pH-dependent conformation change for P12-P14, in a similar manner with P1, 
with higher helicity as pH is lowered. The pH-dependence originates from the pH-induced changes 
in the H-bonding pattern of side-chain triazoles (BHB triazoles to UHB triazoliums), and suggests 
these additional H-bonding ligands are able to partially inhibit the disrupting effect of side-chain 
triazole on the α-helical structures. 
side-chain
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(A)
(B)
side-chain
carboxylic acid
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Figure 3.7 CD spectra of triazole polypeptides P12-P14 with additional side-chain H-bonding 
ligands. (A) Chemical structures of P1 and P12-P14. (B, C) CD spectra of P12-P14 at pH 7.0 (B) 
and pH 3.0 (C). (D) Ellipticity (-[θ]222nm)-pH plots of P12-P14. P1 was also presented for 
comparison and was shown in grey in Figure B-D. 
Finally, a complicated ellipticity-pH curve was obtained when tertiary amine, a H-bonding 
ligand with pH-sensitive H-bonding pattern, was attached on the side-chain terminus of triazole 
polypeptides (P15) (Figure 3.8). P15 stayed as α-helix at basic conditions (pH > 7), and exhibited 
a decrease in helicity when the pH was lowered until pH ~ 4, where the helicity increased upon 
further addition of acid. The inverted bell shaped curve on ellipticity-pH plot can be explained by 
the stepwise protonation of P15 side chains (Figure 3.8). According to our analysis on P12-P14, 
the side-chain tertiary amine serves as an acceptor at its non-protonated state, which forms H-
bonds with triazole C5-H and inhibits the disrupting ability of triazole (Figure 3.8). Upon pH is 
lowered, the tertiary amine loses its ability as a H-bonding acceptor, the H-bonding pattern of side-
chain triazoles changes from pseudo-UHB to BHB that disrupts the α-helical conformation. 
Further decrease in pH led to the protonation of side-chain triazoles to UHB triazoliums, leading 
to the recovery of α-helix.  
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Figure 3.8 CD spectra of triazole polypeptides P15. (A) Chemical structures of P15. (B) Schemes 
showing the stepwise protonation of P15 side chains and the corresponding H-bonding pattern 
change in side-chain triazoles. (C) CD spectra of P15 at various pH. (D) Ellipticity (-[θ]222nm)-pH 
plots of P15. 
 
3.4 Materials and methods 
Materials. The general information of common chemicals for polypeptide synthesis was 
presented in Section 2.5. 
Instrumentation. The general instrument setup was presented in Section 2.5. The α-helix 
contents of the polypeptides were calculated by the following equation: percentage of α-helix = 
(−[θ]222nm + 3,000)/39,000 18. 
Circular dichroism (CD) tests of polypeptides. The sample preparation and CD test procedure 
was presented in Section 2.5. 
Synthesis of alkyne-functionalized ammonium salts. Alkyne-functionalized ammonium salts 
bearing long hydrocarbon chains were synthesized through the nucleophilic reaction of halides 
with 3-dimethylamino-1-propyne. Typically, 3-Dimethylamino-1-propyne (500 μL, 4.64 mmol) 
was dissolved in DMF (1.0 mL) in a 7-mL glass vial charged with a stir bar, into which DMF 
solution (1.0 mL ether) of 1-bromopropane (422 μL, 4.64 mmol, 1 equiv.) was added. The resulting 
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mixture was stirred at 50 oC overnight, and then added into ether (10 mL) to precipitate the 
ammonium salts. The precipitation was isolated by centrifugation, washed three times by ether, 
and dried under vacuum. The product N-propyl-N,N-dimethylpropargylammonium bromide 
(PrDA) was obtained as white powder (827 mg, 87% yield). 1H NMR (D2O): δ 4.26 (s, 2H, 
HC≡CCH2-), 3.41 (m, 2H, CH3CH2CH2N+-), 3.18 (s, 7H, -(CH3)2N+- and HC≡C-), 1.82 (m, 2H, 
CH3CH2CH2N
+-), 1.00 (t, 3H, CH3CH2CH2N
+-). 13C NMR (D2O): δ 81.6, 70.9, 66.0, 54.4, 50.6, 
16.1, 10.0. 
N-Pentyl-N,N-dimethylpropargylammonium bromide (PeDA) was synthesized with the same 
method using 1-bromopentane as the electrophile. The product was obtained as viscous solid (81% 
yield). 1H NMR (D2O): δ 4.43 (s, 2H, HC≡CCH2-), 3.58 (m, 2H, CH3(CH2)2CH2CH2N+-), 3.48 (s, 
1H, HC≡C-), 3.32 (s, 6H, -(CH3)2N+-), 1.93 (m, 2H, CH3(CH2)2CH2CH2N+-), 1.49 (m, 4H, 
CH3(CH2)2CH2CH2N
+-), 1.04 (t, 3H, CH3(CH2)2CH2CH2N
+-). 13C NMR (D2O): δ 82.1, 71.6, 64.7, 
54.5, 51.0, 28.0, 22.2, 21.9, 13.8. 
N-Hexyl-N,N-dimethylpropargylammonium bromide (HexDA) was synthesized with the same 
method using 1-bromohexane as the electrophile. The product was obtained as viscous solid (84% 
yield). 1H NMR (D2O): δ 4.28 (s, 2H, HC≡CCH2-), 3.46 (m, 2H, CH3(CH2)3CH2CH2N+-), 3.30 (s, 
1H, HC≡C-), 3.20 (s, 6H, -(CH3)2N+-), 1.81 (m, 2H, CH3(CH2)3CH2CH2N+-), 1.45-1.30 (m, 6H, 
CH3(CH2)3CH2CH2N
+-), 0.90 (t, 3H, CH3(CH2)3CH2CH2N
+-). 13C NMR (D2O): δ 81.7, 71.3, 64.6, 
54.2, 50.7, 30.6, 25.3, 22.2, 22.0, 13.6. 
N-Heptyl-N,N-dimethylpropargylammonium bromide (HeptDA) was synthesized with the same 
method using 1-bromoheptane as the electrophile. The product was obtained as viscous solid (84% 
yield). 1H NMR (D2O): δ 4.39 (s, 2H, HC≡CCH2-), 3.56 (m, 2H, CH3(CH2)4CH2CH2N+-), 3.44 (s, 
1H, HC≡C-), 3.29 (s, 6H, -(CH3)2N+-), 1.88 (m, 2H, CH3(CH2)4CH2CH2N+-), 1.49-1.36 (m, 8H, 
CH3(CH2)4CH2CH2N
+-), 0.97 (t, 3H, CH3(CH2)4CH2CH2N
+-). 13C NMR (D2O): δ 82.0, 71.5, 64.5, 
54.3, 51.0, 31.4, 28.4, 25.9, 22.5, 22.4, 14.1. 
N-Octyl-N,N-dimethylpropargylammonium bromide (OctDA) was synthesized with the same 
method using 1-bromooctane as the electrophile. The product was obtained as viscous solid (84% 
yield). 1H NMR (D2O): δ 4.37 (s, 2H, HC≡CCH2-), 3.51 (m, 2H, CH3(CH2)5CH2CH2N+-), 3.40 (s, 
1H, HC≡C-), 3.26 (s, 6H, -(CH3)2N+-), 1.84 (m, 2H, CH3(CH2)5CH2CH2N+-), 1.46-1.30 (m, 8H, 
CH3(CH2)5CH2CH2N
+-), 0.93 (t, 3H, CH3(CH2)5CH2CH2N
+-). 13C NMR (D2O): δ 81.9, 71.4, 64.3, 
54.2, 51.0, 31.6, 28.9, 28.8, 26.0, 22.6, 22.5, 14.0. 
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N-tert-Butoxycarbonylmethyl-N,N-dimethylpropargylammonium bromide (tBuCMDA) was 
synthesized with the same method using tert-butyl bromoacetate as the electrophile. The product 
was obtained as white powder (88% yield). 1H NMR (D2O): δ 4.46 (s, 2H, (CH3)3COOCCH2-), 
4.29 (s, 2H, HC≡CCH2-), 3.32 (s, 6H, -(CH3)2N+-), 3.28 (t, 1H, HC≡C-), 1.49 (s, 9H, -
COOC(CH3)3. 
13C NMR (D2O): δ 164.1, 86.9, 82.7, 70.8, 61.9, 55.5, 52.0, 27.4. 
Synthesis of triazole polypeptides. The synthetic procedures of polypeptides with azide-
terminated side chains and triazole polypeptide through click chemistry were presented in Section 
2.5. The 1H NMR characterization are shown below: 
P7 was synthesized with the reaction between PAPLG and PrDA. 1H NMR (TFA-d): δ 8.55 (s, 
1H, Triazole-H), 5.01-4.76 (m, 5H, α-H, -COOCH2CH2CH2-, and -CH2N+(CH3)2CH2CH2CH3), 
4.41 (s, 2H, -COOCH2CH2CH2-), 3.48 (s, 2H, CH3CH2CH2(CH3)2N
+CH2CH2CH3), 3.25 (s, 6H, 
CH3CH2CH2(CH3)2N
+-), 2.76 (s, 2H, -CH2CH2COO-), 2.54 (s, 2H, -COOCH2CH2CH2-), 2.48-
2.17 (m, 2H, -CH2CH2COO-), 2.05 (s, 2H, CH3CH2CH2(CH3)2N
+-), 1.18 (s, 3H, 
CH3CH2CH2(CH3)2N
+-). 
P8 was synthesized with the reaction between PAPLG and PeDA. 1H NMR (TFA-d): δ 8.63 (s, 
1H, Triazole-H), 5.11-4.86 (m, 5H, α-H, -COOCH2CH2CH2-, and -
CH2N
+(CH3)2CH2CH2(CH2)2CH3), 4.47 (s, 2H, -COOCH2CH2CH2-), 3.58 (s, 2H, 
CH3(CH2)2CH2CH2(CH3)2N
+-), 3.30 (s, 6H, CH3(CH2)2CH2CH2(CH3)2N
+-), 2.83 (s, 2H, -
CH2CH2COO-), 2.58 (s, 2H, -COOCH2CH2CH2-), 2.54-2.23 (m, 2H, -CH2CH2COO-), 2.06 (s, 2H, 
CH3(CH2)2CH2CH2(CH3)2N
+-), 1.56 (m, 4H, CH3(CH2)2CH2CH2(CH3)2N
+-), 1.18 (s, 3H, 
CH3(CH2)2CH2CH2(CH3)2N
+-). 
P9 was synthesized with the reaction between PAPLG and HexDA. 1H NMR (TFA-d): δ 4.71 
(s, 1H, α-H), 4.15 (s, 2H, -COOCH2(CH2)4CH2-), 3.30-3.01 (m, 8H, -CH2N+(CH2CH3)3), 2.58 (s, 
2H, -CH2CH2COO-), 2.31-2.01 (m, 2H, -CH2CH2COO-), 1.75-1.35 (m, 8H, -
COOCH2(CH2)4CH2-), 1.28 (s, 9H, (CH3CH2)3N
+-). 
P10 was synthesized with the reaction between PAPLG and HeptDA. 1H NMR (TFA-d): δ 4.73 
(s, 1H, α-H), 4.15 (s, 2H, -COOCH2(CH2)6CH2-), 3.32-3.02 (m, 8H, -CH2N+(CH2CH3)3), 2.58 (s, 
2H, -CH2CH2COO-), 2.34-2.00 (m, 2H, -CH2CH2COO-), 1.84-1.25 (m, 21H, -
COOCH2(CH2)6CH2- and (CH3CH2)3N
+-). 
P11 was synthesized with the reaction between PAPLG and OctDA. 1H NMR (TFA-d): δ 5.05-
4.50 (m, 5H, α-H, -COOCH2(CH2)4CH2-, and -CH2N+(CH3)3), 4.16 (s, 2H, -COOCH2(CH2)4CH2-), 
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3.35 (s, 9H, (CH3)3N
+-), 2.59 (s, 2H, -CH2CH2COO-), 2.35-1.21 (m, 10H, -CH2CH2COO- and -
COOCH2(CH2)4CH2-). 
P12 was synthesized with the reaction between PAPLG and 4-pentynoic acid. 1H NMR (TFA-
d): δ 8.30 (s, 1H, Triazole-H), 4.70 (s, 3H, α-H and -COOCH2CH2CH2-), 4.28 (s, 2H, and -
COOCH2CH2CH2-), 3.26 (s, 2H, -CH2CH2COOH), 2.95 (s, 2H, CH2CH2COOH), 2.64 (s, 2H, -
CH2CH2COO-), 2.43 (s, 2H, -COOCH2CH2CH2-), 2.34-2.02 (m, 2H, -CH2CH2COO-). 
P13 was synthesized with the reaction between PAPLG and propargyl guanidine as reported in 
previous papers19. 
P14 was synthesized with the reaction between PAPLG and tBuCMDA. HCl was added during 
the dialysis, which facilitated the hydrolysis of tBu ester to generate side-chain zwitterion. 1H 
NMR (TFA-d): δ 8.46 (s, 1H, Triazole-H), 5.14 (s, 2H, -CH2N+(CH3)2CH2COOH), 4.67 (m, 3H, 
α-H and -COOCH2CH2CH2-), 4.27 (s, 4H, -CH2COOH and -COOCH2CH2CH2-), 3.42 (s, 6H, -
N+(CH3)2CH2COOH), 2.65 (s, 2H, -CH2CH2COO-), 2.39 (s, 2H, -COOCH2CH2CH2-), 2.34-2.03 
(m, 2H, -CH2CH2COO-). 
P15 was synthesized with the reaction between PAPLG and 3-Dimethylamino-1-propyne. 1H 
NMR (TFA-d): δ 8.84 (s, 1H, triazole-H), 4.84 (br d, 5H, (CH3)2NCH2, α-H and -CH2OOC-), 4.33 
(s, 2H, -CH2CH2CH2OOC-), 3.13 (s, 6H, (CH3)2N-), 2.70 (br s, 2H, -CH2CH2COO-), 2.48 (s, 2H, 
-CH2CH2CH2OOC-), 2.24 (d, 2H, -CH2CH2COO-). 
 
3.5 Conclusion 
In summary, we have shown the side-chain hydrocarbons and additional side-chain H-bonding 
ligands are able to modulate the disruptive ability of side-chain triazoles, hence control the 
conformation change of polypeptides. To be specific, the strengthened side-chain hydrophobic 
packing with elongated side-chain hydrocarbon chains can completely block triazoles’ disruptions, 
resulting in a pH-independent α-helical conformation. The additional side-chain H-bonding 
ligands, on the other hand, change side-chain triazoles into a “pseudo-UHB” pattern with less 
disruptive ability, leading to an α-helical structures at neutral and basic pH. These results suggest 
that the side-chain H-bonding interaction is not the only regulation force controlling the secondary 
structure of triazole polypeptides. Both systems are promising as smart cell-penetrating polymers 
with trigger-responsive changes in conformation. 
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CHAPTER 4 
APPLICATION OF TRIAZOLE POLYPEPTIDES AS SMART 
CELL-PENETRATING POLYMERS †† 
 
4.1 Introduction 
Polypeptides are widely used as biocompatible materials, and a unique characteristic of 
polypeptides is their innate ability to adopt ordered conformations such as α-helices and β-sheets 
through cooperative hydrogen-bonding. These conformations impart polypeptides with unique 
properties and functionalities in various biomedical applications, such as tissue engineering and 
drug delivery1, 2.  
Polypeptides were also the first class of biomaterials used as non-viral gene delivery vectors3. 
However, conventional polypeptides such as cationic poly(L-lysine) (PLL) and its modified 
derivatives often suffer from low transfection efficiencies despite their abilities to condense 
anionic plasmid DNA4-6. Polymers with excellent transfection efficiency, such as 
polyethylenimine (PEI), have progressively replaced polypeptides as polymeric transfection 
reagents7, while peptides and polypeptides have assumed secondary roles in other functions 
relevant to transfection. In particular, cell penetrating peptides (CPPs) such as penetratin8, 
transportan9 and TAT (HIV Tat-derived peptide with the sequence of RKKRRQRRR)10 have been 
explored as component materials incorporated into existing delivery vectors to promote cell 
internalization, endosomal escape, and overall transfection efficiency11, 12. Helical conformation is 
often observed in CPPs or formed in CPPs during membrane transduction, and has been closely 
connected to their membrane activity13. However, due to their short length and lack of adequate 
cationic charge density, CPPs are often incompetent as gene delivery vectors on their own. 
                                                          
† Part of this chapter is adapted from the publication: Zhang, R., Song, Z., Yin, L., Zheng, N., Tang, 
H., Lu, H., Gabrielson, N. P., Lin, Y., Kim, K., Cheng, J. Ionic α-helical polypeptides toward 
nonviral gene delivery. Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology 
2015, 7, 98-110. 
† Collaboration and contribution statement: The cell penetration studies were performed in 
collaboration with Hua He and Lichen Yin in Soochow University, and Nan Zheng in University 
of Illinois at Urbana-Champaign (including Figure 4.3-4.7). 
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Therefore, it is of great interest in the design and synthesis of polypeptide-based vectors that 
possess the structural characteristics of CPPs (i.e. helical secondary structure) yet can also function 
as stand-alone gene delivery vectors. 
Cheng group has demonstrated that α-helical structure of synthetic polypeptides dramatically 
contributes to their membrane activity14-17. These polypeptides bearing α-helical conformation 
have been used as nonviral vectors for gene delivery applications14, 16, 18-24. The mechanism for the 
helicity-associated membrane activity was elucidated recently by computer simulation25. The 
flexibility of the side chains allows the cationic and hydrophobic side-chain terminus to rearrange 
in different solvent environments (e.g., water, amphiphilic interface, or hydrophobic membrane 
core). Therefore, the polypeptides are able to undergo a stepwise interaction with the cell 
membranes, and eventually induced cell permeation. 
Considering the pH-responsive conformation transition of triazole polypeptides, we reasoned 
that the triazole polypeptide may serve as a promising cell penetrating peptide (CPP) mimic to 
impart selective membrane penetration in response to different biological pH values. It is known 
that CPPs can penetrate the plasma membranes of all cell types, which often leads to undesired 
side effects in non-target cells. Therefore, the triazole polypeptides are promising candidates in 
enabling strong endosomal disruption in its helical state at the acidic endosomal pH (4.5~5.5), 
while affording minimal cellular internalization in its coiled state at the neutral extracellular pH 
(6.8~7.4)26 (Figure 4.1). Herein, we demonstrated the acid pH-activated membrane activity of 
triazole polypeptides, and further studied their ability to induce the endosomal escape. When 
coupled with cell-specific targeting ligands, the coiled triazole polypeptide can be selectively 
internalized into target cells, and subsequently mediate effective endosomal/lysosomal escape 
upon conformational transition to the membrane-active, helical state in the endosome/lysosomes. 
 
Figure 4.1 Schematic illustration of the pH-dependent membrane activity of triazole polypeptides 
due to their pH-sensitive conformation. 
 
pH 7.2 pH 5.2
Plasma Membrane Endolysosome Membrane
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4.2 pH-Dependent cellular uptake of triazole polypeptides 
To study the cell-penetrating ability of triazole polypeptides at different pH values, we first 
labeled the triazole polypeptides with fluorescein for both L and DL stereochemistry of the α-
carbon (Figure 4.2). P1(L)-FITC showed similar pH-dependent conformation as P1 in CD spectra, 
indicating the introduction of fluorescent dye FITC has negligible effect on the helix-coil transition. 
P1(DL)-FITC, on the other hand, exhibited no Cotton effect on CD (flat curve with ellipticity 
around 0 at wavelength 200-250 nm), and was therefore used as a negative control. 
 
Figure 4.2 Secondary structure characterization of FITC-labeled and folic acid (FA)-decorated 
triazole polypeptides. (A) Chemical structure of polypeptides. (B, C) CD spectra of polypeptides 
at pH = 7.4 (open) and at pH = 4.0 (solid). 
The cellular uptake levels of fluorescein labeled P1 (P1(L)-FITC) were quantified by 
spectrofluorimetry in HeLa cells at pH 5.2 and 7.2 (Figure 4.3). The results revealed that P1(L)-
FITC afforded a 3-fold higher uptake level at pH 5.2 than at pH 7.2, indicating acid-activated 
membrane penetrating capability in relation to the acid-triggered coil-to-helix transition. The 
racemic polypeptide analog P1(DL)-FITC adopting random coil conformation exhibited no 
difference on cell penetration levels at both pH values (Figure 4.3), which further validated the 
conformation-associated membrane activities by excluding the possibility of pH-induced 
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enhancement of cell membrane permeability. Similar pH-dependent membrane activity was also 
observed for P1(L)-FITC in NIH-3T3 cell lines (Figure 4.3). Consistently, P1-mediated uptake of 
FITC-Tris, a membrane-impermeable biomarker, was ~10-fold higher at pH 5.2 than at 7.2, 
indicating that the acid-activated helical triazole polypeptides mediate “pore formation” on 
membranes (Figure 4.4)16. The pH-dependent cell uptake level allows the polypeptides to exert 
selective membrane activities toward endosomal membranes and cell membranes, thus affording 
a potential mechanism for the smart CPP mimics design to mediate endosomal disruption without 
compromising the cell membrane integrity. 
 
Figure 4.3 Cell uptake results of triazole polypeptides. (A) Cell uptake of triazole polypeptides in 
HeLa cells at pH 7.2 and 5.2 (n = 3). (B) Cell uptake of triazole polypeptides form P1 in NIH-3T3 
cells at pH 7.2 and 5.2 (n = 3). (L-form: coil at pH 7.2 but helical at pH 5.2; DL-form: coil at both 
pH 7.2 and 5.2). 
 
Figure 4.4 Uptake level of FITC-Tris in HeLa cells after co-incubation with P1 (n = 3). 
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4.3 Cancer cell-specific cell uptake followed by endosomal escape 
Considering the low membrane activity of triazole polypeptides at neutral pH, we further 
modified the polypeptide with folic acid (FA), a cancer cell targeting ligand is known to bind with 
folate receptors (FRs), to promote selective internalization into cancer cells via receptor-mediated 
endocytosis27 (Figure 4.2). The P1(L)-FA-FITC indeed showed significantly higher uptake level 
in HeLa cells at pH 7.2 than P1(L)-FITC, and it was further augmented by 3.5 fold when the pH 
was decreased to 5.2 (Figure 4.3). The FA-modified triazole polypeptides exhibited similar uptake 
level compared with non-FA analogues in FR-negative NIH-3T3 cells, suggesting cancer cell-
specific cell penetration. 
 
Figure 4.5 CLSM images of HeLa cells following incubation with P1(L)-FA-FITC or P1(DL)-
FA-FITC at 37 oC for 4 h. Cell nuclei were stained with Hoechst 33258 and endosomes/lysosomes 
were stained with Lysotracker Red. Scale bar = 10 μm. 
Consistent with FA-mediated cancer cell targeting and the acid-activated membrane activity, 
P1(L)-FA-FITC showed appreciable cytoplasmic distribution in HeLa cells, and notable 
separation between green fluorescence (P1(L)-FA-FITC) and red fluorescence (Lysotracker Red-
stained endolysosomes) was observed using confocal laser scanning microscopy (CLSM), which 
provided strong evidence that the triazole polypeptide can selectively traverse into cancer cells via 
FA-mediated targeting effect followed by potent endolysosomal disruption upon pH-triggered 
coil-to-helix transition (Figure 4.5 and Figure 4.6). In comparison, the racemic polypeptide 
analogue P1(DL)-FA-FITC, adopting random coil conformation at both neutral and acidic pH, 
exhibited similarly low cell penetration levels at both pH values (Figure 4.3). The green and red 
fluorescence were largely overlapped inside the racemic P1(DL)-FA-FITC treated cells, validating 
FITCHoechst Merge Lysotracker Red
P1(L)-FA-FITC
P1(DL)-FA-FITC
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the endosomal escape of P1-FA-FITC originates from the acidic pH activated coil-to-helix 
transitionand (Figure 4.5 and Figure 4.6). Quantitative analysis presented 40.5% colocalization of 
green and red fluorescence for P1-FA-FITC, and the colocalization for P1(DL)-FA-FITC was 
79.5%. 
 
Figure 4.6 CLSM images of NIH-3T3 cells following incubation with P1(L)-FA-FITC or P1(DL)-
FA-FITC at 37 oC for 4 h. Cell nuclei were stained with Hoechst 33258 and endosomes/lysosomes 
were stained with Lysotracker Red. Scale bar = 10 μm. 
 
Figure 4.7 Cytotoxicity of P1 at pH 7.2 and 5.2 by MTT assay (n = 3). 
 
4.4 Materials and methods 
Materials. The general information of common chemicals for polypeptide synthesis was 
presented in Section 2.5. HeLa cells (human cervix adenocarcinoma, folate receptor (FR)-positive) 
and NIH-3T3 cells (mouse embryonic fibroblast, FR-negative) were purchased from the American 
Type Culture Collection (Rockville, MD, USA) and cultured in DMEM supplemented with 10% 
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fetal bovine serum (FBS). Pierce BCA assay kit was purchased from ThermoFisher Scientific 
(Rockford, IL, USA). 3-(4,5-Dimethylthiahiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide 
(MTT) was purchased from Invitrogen (Carlsbad, CA, USA). 
Instrumentation. The general instrument setup was presented in Section 2.5. 
Synthesis of fluorescein-labelled and folic acid (FA)-modified triazole polypeptides. The 
synthetic procedures of polypeptides with azide-terminated side chains and triazole polypeptide 
through click chemistry were presented in Section 2.5. Propargyl fluorescein was synthesized by 
reacting propargyl amine with fluorescein isothiocyanate (FITC) in DMF28; while propargyl folate 
was synthesized by reacting propargyl amine with the NHS ester of FA in DMSO29. The resulting 
propargyl fluorescein and propargyl folate was then mixed with PrTA with different molar ratios, 
and co-clicked with PAPLG or PAPDLG in the glovebox. The feeding molar percentage of 
propargyl fluorescein was fixed at 2.5 mol%. The resulting four polymers were named as P1(L)-
FITC (starting with PAPLG, no FA incorporation), P1(L)-FA-FITC (starting with PAPLG, 10 mol% 
FA incorporation), P1(DL)-FITC (starting with PAPDLG, no FA incorporation), P1(DL)-FA-
FITC (starting with PAPDLG, 10 mol% FA incorporation). 
Confocal laser scanning microscopy (CLSM). HeLa and NIH-3T3 cells were seeded on 
coverslips in 24-well plates at 1.5 ´ 104 cells/well and were incubated for 24 h before treatment 
with various fluorescein-labelled polypeptides at 40 μg polypeptide/well for 4 h. Cells were 
washed three times with PBS, stained with Hoechst 33258 (5 μg/mL) and Lysotracker Red (200 
nM) before CLSM observation. Colocalization ratio was determined using the LAS AF software 
(Heidelberg, Germany). 
pH-Dependent cell uptake of triazole polypeptides. HeLa cells were seeded on 96-well plates 
at 1 × 104 cells/well and cultured for 24 h before reaching confluence. The medium was changed 
to opti-MEM (pH 7.2 and 5.2) and fluorescein-labelled polypeptides were added at 2 μg/well. 
After incubation at 37 °C for 4 h, cells were washed three times with PBS before being lysed with 
the RIPA lysis buffer (100 μL/well). The content of fluorescein-labelled polypeptides in the cell 
lysate was quantified by spectrofluorimetry (λex = 494 nm, λem = 518 nm) and the protein content 
was measured using the BCA kit. Uptake level was expressed as μg polypeptide associated with 1 
mg cellular protein. 
Cytotoxicity measurement. Cells were seeded on 96-well plates at 1×104 cells/well and 
cultured for 24 h at 37 oC before they reached confluence. The medium was replaced with serum-
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free DMEM, into which polypeptides were added at final concentrations of 200, 150, 100, 50, 20, 
and 10 μg/mL, respectively. Cells were incubated for 4 h, and the medium was then replaced with 
fresh serum-containing DMEM. After further incubation at 37 oC for 20 h, cell viability was 
assessed using the MTT assay. 
Statistical analysis. Statistical analysis was performed using the Student’s t-test and differences 
were judged to be significant at *p<0.05 and highly significant at **p<0.01. 
 
4.5 Conclusion 
In summary, we have demonstrated the acid pH-activated cell-penetrating ability of triazole 
polypeptides due to their pH-sensitive change in conformation. The α-helical conformation at 
acidic pH induced effective cellular uptake in both HeLa and NIH-3T3 cells. When coupled with 
cancer targeting ligands folic acid, the cancer-specific cell uptake of triazole polypeptides was 
observed followed by efficient endosomal escape, mainly due to the acid pH-activated coil-to-
helix transition in endolysosome. The triazole polypeptides are therefore promising cell-
penetrating polymers with smart pH-responsiveness. 
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CHAPTER 5 
PHOSPHONIUM POLYPEPTIDES: IMPACT OF CONFORMATION ON CELL-
PENETRATING PROPERTIES † 
 
5.1 Introduction 
Cell-penetrating peptides (CPPs) are short, sequence-specific peptides derived from natural 
resources or artificial constructs and are well known for their potency to facilitate cellular 
internalization of a variety of therapeutics, imaging probes, and reporter molecules1-3. CPPs are 
often positively charged, and the positive charges are originated exclusively from the primary 
amino groups of the lysine residue or the guanidino groups of the arginine residue. While the 
cationic amino and guanidino groups afford electrostatic interactions with negatively charged 
phospholipid bilayers to potentiate the membrane permeability, they may also induce appreciable 
damage to biological membranes due to perturbation of the phospholipid structure1, 3. 
Phosphonium group, another class of cationic functional group, has been recently reported to have 
lower toxicity towards cell membranes because of its relatively large size4, 5. Substitution of 
quaternary ammonium with phosphonium in lipid or polymer systems leads to higher cationic 
charge density, which therefore contributes to enhanced cellular delivery efficiencies towards 
various cargos5-11. Considering the potential benefits of phosphonium groups, it would be of great 
interest to design and develop phosphonium-bearing CPPs. However, since phosphonium is not 
present in natural amino acids, the synthesis of phosphonium-containing CPPs is challenging and 
thus has never been reported.  
In addition to the functional group type, secondary conformation of CPPs also has dominant 
roles on their membrane activities and penetration mechanisms. A large number of CPPs adopt 
helical conformations or form helices upon interacting with cell membranes, presenting a rigid 
                                                          
† Part of this chapter is adapted from the publication: Song, Z., Zheng, N., Ba, X., Yin, L., Zhang, 
R., Ma, L., Cheng, J. Polypeptides with quaternary phosphonium side chains: synthesis, 
characterization, and cell-penetrating properties. Biomacromolecules 2014, 15, 1491-1497. 
† Collaboration and contribution statement: The cell penetration studies were performed in 
collaboration with Nan Zheng, Lichen Yin, and Rujing Zhang in University of Illinois at Urbana-
Champaign (including Figure 5.2-5.5) 
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amphiphilic structure to promote translocation across cell membranes12-14. However, traditional 
ionic polypeptides synthesized via ring-opening polymerization (ROP) of natural amino acid 
derived N-carboxyanhydrides (NCAs) (such as glutamic acid and lysine) adopt random coil 
conformation under physiological condition due to the helix-destabilizing side-chain charge 
repulsion. To overcome this issue, we recently developed a strategy to enhance the side-chain 
hydrophobicity of polypeptides while reduce the intramolecular electrostatic repulsion by 
elongating the backbone-to-charge length, and thus the polypeptides were allowed to adopt stable 
helical conformation in aqueous solution15. With amino or guanidino groups on their side-chain 
terminal, these helical polypeptides showed excellent helix-associated cell-penetrating capabilities 
and some outperformed classical CPPs such as Arg9 and HIV-TAT by up to two orders of 
magnitude16. As a result, these polypeptides act as efficient molecular transporters to facilitate the 
cellular delivery of various cargos, such as DNA and siRNA17-23.  
In this contribution, we report the first example of helical polypeptides bearing quaternary 
phosphonium side chains, aiming to design phosphonium-based CPP derivatives with low 
cytotoxicity. Recent development of controlled ROP of NCAs24-28 and side-chain functionalization 
technique29-34 has enabled the facile synthesis of polypeptides with predictable molecular weights 
(MWs) and demanded side-chain functional groups. Based on this well-developed platform, we 
attempted and successfully synthesized the phosphonium-based polypeptides via controlled ROP 
of chlorine-functionalized NCA16, 32, 34 and subsequent side chain functionalization with one-step 
nucleophilic substitution11. By elongating the charged phosphonium side-chain length, 
polypeptides with stable α-helical conformation were obtained and were found to outperform their 
racemic and random-coiled analogues in terms of the cell penetration capabilities. These helical 
phosphonium-based polypeptides entered cells mainly via the energy-independent non-endocytic 
pathway, and showed low cytotoxicity as expected. 
 
5.2 Conformation control of phosphonium polypeptides 
The monomers, γ-chloroalkyl-L-glutamic acid and γ-chloroalkyl-DL-glutamic acid based NCAs, 
were prepared via mono-esterification of the corresponding glutamic acids and subsequent 
cyclization reaction with phosgene (Scheme 5.1)16, 32, 34. During the esterification step, different 
chloroalkyl alcohols were selected to vary the side-chain lengths and different glutamic acids were 
used to alternate the α-carbon stereochemistry. The resulting NCAs were light yellow oily liquids 
66 
and were purified by the silica column chromatography35. The molecular structures of CH-L-Glu-
NCA, CH-DL-Glu-NCA, and CP-L-Glu-NCA were verified by 
1H and 13C NMR. 
 
Scheme 5.1 Synthesis of polypeptides with quaternary phosphonium side chains. 
Hexamethyldisilazane (HMDS) was then used to initiate the controlled ROP of the NCAs28 
(Scheme 5.1). All polymerizations were conducted in a glovebox at room temperature with the 
monomer conversion > 99% (monitored by FTIR). The polypeptides containing chlorine side 
chains were then purified by precipitation with cold methanol and their structures were verified by 
1H NMR. The MWs and molecular weight distributions (MWDs) were determined by gel 
permeation chromatography (GPC) (Table 5.1). The obtained MWs agreed well with the monomer 
to initiator (M/I) ratios (degree of polymerization ~ 40), and all three polymers had narrow MWDs 
(< 1.10). Polypeptides containing quaternary phosphonium functional groups were easily obtained 
through a one-step nucleophilic reaction of the side-chain chlorine groups with tertiary 
triethylphosphine (TEP) (Scheme 5.1). The structures of three phosphonium-based polypeptides 
were summarized in Table 5.1. A quantitative conjugation was revealed by 1H NMR analysis, 
which showed complete disappearance of the chloromethylene signal; 31P NMR also confirmed 
the completion of the conjugation reaction, as evidenced by the appearance of a new phosphonium 
signal at ~ 40 ppm. According to GPC analyses on chlorine-based polypeptides, the MWs of 
phosphonium-based polypeptides PHLG-TEP, PHDLG-TEP and PPLG-TEP were determined to 
be 15, 15 and 13 kDa, respectively. 
 
67 
Table 5.1 Synthesis of polypeptides with chloroalkyl side chains a 
Entry Monomer M/I Mn (Mn*) (kDa) 
b,c Mw/Mn 
c 
1 CP-L-Glu-NCA 40/1 8.1 (8.2) 1.02 
2 CH-L-Glu-NCA 40/1 10.0 (9.9) 1.02 
3 CH-DL-Glu-NCA 40/1 9.7 (9.9) 1.10 
a Polymerizations were carried out at room temperature for 48 h. Monomer conversions were all 
above 99% as indicated by FTIR. b Obtained MW (expected MW). c Determined by GPC. 
The secondary structure of the resulting polypeptides with different side-chain lengths and α-
carbon stereochemistry (L or DL) was studied by circular dichroism (CD) spectroscopy (Figure 5.1). 
PPLG-TEP (Scheme 5.1), affording 8 σ-bonds between the backbone and the cationic charged 
phosphonium group, showed a typical random coil conformation due to the side-chain charge 
repulsion. When the backbone-to-charge distance was increased to 11 σ-bonds, the corresponding 
polypeptide (PHLG-TEP, Scheme 5.1) was found to adopt α-helical conformation with 56% 
helicity, evidenced by the characteristic minima at 208 and 222 nm of its CD curve15. The 
formation of the helical conformation of PHLG-TEP with elongated hydrophobic side chains is 
presumably due to the enhanced hydrophobic interaction and reduced charge repulsion of the side 
chains. In comparison, PHDLG-TEP (Scheme 5.1), an analogue of PHLG-TEP prepared with 
racemic mixture of NCAs, showed no helical conformation. 
The helicity of PHLG-TEP remained unchanged with the change of polypeptide concentration 
(Figure 5.1), demonstrating that PHLG-TEP stayed as monomeric form in aqueous solution15. 
PHLG-TEP also exhibited remarkable helical stability over a broad pH range (1 to 8) (Figure 5.1), 
suggesting that the helical polypeptide may well maintain its helix-associated properties at neutral 
physiological pH as well as acidic pH in some subcellular compartments (e.g., endosome). At pH 
higher than 9 when the solution turned slightly basic, the precipitation of PHLG-TEP resulted in a 
decreased CD signal. PHLG-TEP also showed excellent helical stability against ionic strength 
increment (Figure 5.1); its CD pattern and the molar ellipticity at 222 nm remained unchanged at 
NaCl concentration up to 4 M. The unusual helical stability of phosphonium-containing 
polypeptide at high ionic strength contrasts the previously reported cationic polypeptides 
containing primary amino or guanidino groups whose helical structures tend to be distorted upon 
increased solution ionic strength15, 16. 
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Figure 5.1 (A) CD spectra of polypeptides in aqueous solution at pH 7. The effect of polypeptide 
concentration (B), pH (C), and ionic strength (D) on the residue molar ellipticity of PHLG-TEP at 
222 nm. 
 
5.3 Cell-penetration of phosphonium polypeptides with various conformations 
Cationic polypeptides with rigid molecular structures, mostly α-helical conformations, have 
been previously demonstrated to be cell membrane permeable16, 17, 36. Motivated by such finding, 
we explored the cell penetration properties of the obtained cationic polypeptides bearing 
quaternary phosphonium side chains. Fluorescein-labeled polypeptides were synthesized via 
conjugation of fluorescein-modified tertiary amine to the polypeptide side chains. The cellular 
uptake of the resulting polypeptides was assessed in HeLa cells at 37 oC and was quantified by 
spectrofluorimetry. For all three phosphonium-bearing polypeptides tested, the helical PHLG-TEP 
notably outperformed its racemic analogue PHDLG-TEP and random-coiled PPLG-TEP (Figure 
5.2), which was consistent with our previous findings of helix-dependent membrane activity in 
amine- and guanidine-based charged, helical polypeptides and further substantiated the importance 
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of helical conformation and structure rigidity on their membrane activity16, 17. In direct comparison 
with TRAMA-labeled HIV-TAT, a widely used CPP, PHLG-TEP also showed a 2-fold higher cell 
uptake level. Internalization of large amount of PHLG-TEP was observed for incubation as short 
as 30 min, demonstrating its potent membrane permeability (Figure 5.2). Increase of the incubation 
time or polypeptide concentration resulted in increased uptake level (Figure 5.2). 
 
Figure 5.2 Cell-penetrating properties of polypeptides with quaternary phosphonium side chains. 
(A) Uptake level of fluorescein-labeled polypeptides in HeLa cells at different incubation time (n 
= 3). The polypeptide concentration was maintained constant at 20 μg/mL. (B) Uptake level of 
fluorescein-labeled polypeptides in HeLa cells at different polypeptide concentrations (n = 3). The 
incubation time was maintained constant at 2 h. 
The penetration mechanism of polypeptides may have appreciable effect on their penetration 
efficiency and intracellular distribution, which in turn determines their cargo delivery capability 
when they are used as molecular transporters37, 38. Thus, PHLG-TEP was selected for further 
elucidation of its cell penetration mechanism. HeLa cells were incubated with PHLG-TEP at 4 oC 
when the energy-dependent endocytosis was blocked, and the penetration level was compared to 
that at 37 oC. As shown in Figure 5.3, 71 % and 61 % of the cells had internalized PHLG-TEP at 
37 oC and 4 oC, respectively, and unappreciable difference was noted in terms of the fluorescence 
shift. The cells were then visualized by CLSM, which showed notable separation of green 
fluorescence (fluorescein-labeled PHLG-TEP) from red fluorescence (Lysotracker Red-stained 
endosome) after incubation at both 37 oC and 4 oC (Figure 5.3), indicating that majority of the 
internalized polypeptides were not entrapped in the endosomes. In support of such observation, a 
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quantitative analysis further revealed that the intracellular levels of the internalized polypeptide 
made no significant difference at 37 oC and 4 oC (Figure 5.3), which indicated that PHLG-TEP 
penetrated cells mainly via the energy-independent, non-endocytic, direct transduction. When the 
cell uptake was performed in the presence of different endocytic inhibitors, including mβCD that 
inhibits caveolae-mediated endocytosis39, chlorpromazine that inhibits clathrin-mediated 
endocytosis40, and wortmannin that inhibits macropinocytosis41, none of them showed significant 
 
Figure 5.3 Cell penetration mechanism studies on phosphonioum polypeptides. (A) Uptake 
level of fluorescein-labeled PHLG-TEP in HeLa cells at 37 oC and 4 oC as monitored by flow 
cytometry. M1 and M2 phases corresponded to fluorescence-negative and positive cells, 
respectively. (B) Uptake level of fluorescein-labeled PHLG-TEP in HeLa cells at 4 oC or in the 
presence of various endocytic inhibitors (n = 3). NS denotes no significant differences. (C) 
CLSM images of HeLa cells incubated with fluorescein-labeled PHLG-TEP at 37 oC and 4 oC 
for 4 h (bar = 20 μm).  
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inhibitory effect, which further demonstrated that the penetration mechanism of the helical PHLG-
TEP was not associated with endocytosis (Figure 5.3). When used as transporters to deliver nucleic 
acids intracellularly, such non-endocytic mechanism would help to avoid the 
endosomal/lysosomal entrapment that often leads to cargo degradation and poor transfection 
efficiency37. 
 
Figure 5.4 Cytotoxicity of polypeptides towards HeLa cells following 20-h treatment as 
determined by the MTT assay (n = 3). 
MTT assay was then utilized to monitor the cytotoxicity of the obtained polypeptides. All tested 
phosphonium-based polypeptides showed desired cell tolerability (> 80% viability) at 
concentration up to 50 μg/mL (Figure 5.4), indicating that these phosohonium-based polypeptides 
are safe yet effective cell-penetrating vehicles. When the concentration was further increased, 
appreciable toxicity of the helical PHLG-TEP was observed, which may be attributed to the 
excessive amount of the polypeptides internalized into the cells. With the excellent cell penetrating 
properties and low cytotoxicity, the phosphonium helical polypeptides would be a promising 
molecular transporter. As a brief demonstration, PHLG-TEP was evaluated for its capacity in 
delivering YOYO-1 labeled DNA (YOYO-1-DNA) into HeLa cells. As shown in Figure 5.5, 
YOYO-1-DNA (green fluorescence) was distributed into both cytoplasm and nuclei of HeLa cells, 
demonstrating effective delivery of the gene cargo into cells. 
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Figure 5.5 CLSM images of HeLa cells incubated with PHLG-TEP and YOYO-1 labeled DNA 
complex at 37 oC for 4 h (bar = 20 μm). 
 
5.4 Materials and methods 
Materials. The general information of common chemicals for polypeptide synthesis was 
presented in Section 2.5. The general information about cell lines and biological reagnets was 
presented in Section 4.4. SiliaFlash P60 silica gel (particle size 40-63 μm) was purchased from 
SiliCycle Inc. (Quebec City, Quebec, Canada) and dried at 150 oC under vacuum for 48 h before 
use. 
Instrumentation. The general instrument setup was presented in Section 2.5. For the ionic 
strength dependent CD experiments, polypeptides were dissolved in aqueous solution containing 
different concentrations of NaCl; for the pH dependent CD experiments, the pH of the polypeptide 
solution was tuned by the addition of concentrated HCl or NaOH solution. 
All chlorine-functionalized polypeptides were synthesized following the literature procedure 
starting from glutamic acids16, 32. 
Synthesis of γ-(6-chlorohexyl)-L-glutamate (CH-L-Glu), γ-(6-chlorohexyl)-DL-glutamate 
(CH-DL-Glu), and γ-(3-chloropropyl)-L-glutamate (CP-L-Glu). L-Glutamic acid (10.0 g, 68.0 
mmol) and 6-chlorohexanol (15 mL, 112.4 mmol) were mixed and stirred at 0 oC followed by 
dropwise addition of H2SO4 (4.0 mL). The reaction was allowed to warm up to room temperature 
and kept stirring for 24 h. Saturated Na2CO3 solution was then added to the viscous mixture to 
adjust the pH to 7. The resulting solid was collected by filtration and purified by recrystallization 
from isopropanol/H2O (1:1, v/v). Isopropanol was removed under vacuum and water was removed 
via lyophilization to obtain CH-L-Glu as white solid powder (6.92 g, 38% yield). 
1H NMR [DMSO-
d6/D2O-DCl (35 wt%), 9:1, v/v]: δ 3.91 (t, 2H, -CH2OOC-), 3.82 (t, 1H, α-H), 3.52 (t, 2H, -CH2Cl), 
2.53-2.32 (m, 2H, -CH2CH2COO-), 1.98 (m, 2H, -CH2CH2COO-), 1.64-1.17 (m, 8H, 
ClCH2(CH2)4CH2O-). 
DAPI YOYO-1 DNA Merge
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CH-DL-Glu was synthesized using the same method with DL-glutamic acid and 6-chlorohexanol 
as the staring material (36% yield). 1H NMR [DMSO-d6/D2O-DCl (35 wt%), 9:1, v/v]: δ 3.91 (t, 
2H, -CH2OOC-), 3.82 (t, 1H, α-H), 3.52 (t, 2H, -CH2Cl), 2.53-2.32 (m, 2H, -CH2CH2COO-), 1.98 
(m, 2H, -CH2CH2COO-), 1.64-1.17 (m, 8H, ClCH2(CH2)4CH2O-). 
CP-L-Glu was synthesized using the same method with L-glutamic acid and 3-chloropropanol as 
the starting material (30% yield). 1H NMR [DMSO-d6/D2O-DCl (35 wt%), 9:1, v/v]: δ 4.05 (t, 2H, 
-CH2OOC-), 3.83 (t, 1H, α-H), 3.60 (t, 2H, -CH2Cl), 2.54-2.37 (m, 2H, -CH2CH2COO-), 2.00 (m, 
2H, -CH2CH2COO-), 2.04-1.95 (m, 2H, ClCH2CH2CH2O-). 
Synthesis of γ-(6-chlorohexyl)-L-glutamic acid based N-carboxyanhydride (CH-L-Glu-
NCA), γ-(6-chlorohexyl)-DL-glutamic acid based N-carboxyanhydride (CH-DL-Glu-NCA), 
and γ-(3-chloropropyl)-L-glutamic acid based N-carboxyanhydride (CP-L-Glu-NCA). In a 
dried 250-mL two-neck round bottom flask, CH-L-Glu (7.3 g, 27.4 mmol) was added and dried 
under vacuum for 2 h. Phosgene (15 wt% in toluene, 39.2 mL, 54.9 mmol) was added along with 
anhydrous THF (60 mL), and the mixture was stired at 50 oC for 2 h under the protection of drying 
tube. The solvent was removed under vacuum to obtain yellow oily liquid. The product was 
purified by silica column chromatography using EtOAC:hexane (from 100% to 60% hexanes) as 
the eluent (6.6 g, 83% yield). The resulting CH-L-Glu-NCA was stored at -30 
oC in a glovebox. 1H 
NMR (CDCl3): δ 7.16 (s, 1H, -NH), 4.43 (t, 1H, α-H), 4.05 (t, 2H, -CH2OOC-), 3.51 (t, 2H, -
CH2Cl), 2.51 (t, 2H, -CH2CH2COO-), 2.25-2.07 (m, 2H, -CH2CH2COO-), 1.79-1.30 (m, 8H, 
ClCH2(CH2)4CH2O-). 
13C NMR (CDCl3): δ 172.8, 170.0, 152.6, 65.4, 57.0, 45.2, 32.6, 29.7, 28.5, 
27.0, 26.6, 25.4. 
CH-DL-Glu-NCA was synthesized from CH-DL-Glu using the same method (81% yield). 
1H 
NMR (CDCl3): δ 7.31 (s, 1H, -NH), 4.41 (s, 1H, α-H), 3.99 (s, 2H, -CH2OOC-), 3.45 (s, 2H, -
CH2Cl), 2.45 (s, 2H, -CH2CH2COO-), 2.10 (d, 2H, -CH2CH2COO-), 1.75-1.22 (m, 8H, 
ClCH2(CH2)4CH2O-). 
13C NMR (CDCl3): δ 172.8, 170.2, 152.7, 65.3, 57.1, 45.3, 32.5, 29.6, 28.5, 
27.0, 26.6, 25.3. 
CP-L-Glu-NCA was synthesized from CP-L-Glu using the same method (85% yield). 
1H NMR 
(CDCl3): δ 6.57 (s, 1H, -NH), 4.42 (t, 1H, α-H), 4.27 (t, 2H, -CH2OOC-), 3.62 (t, 2H, -CH2Cl), 
2.57 (t, 2H, -CH2CH2COO-), 2.32-2.08 (m, 4H, -CH2CH2COO- and ClCH2CH2CH2O-). 
13C NMR 
(CDCl3): δ 172.7, 170.0, 152.7, 62.2, 57.1, 41.5, 31.5, 29.6, 27.0. 
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Synthesis of poly(γ-6-chlorohexyl-L-glutamate) (PCHLG), poly(γ-6-chlorohexyl-DL-
glutamate) (PCHDLG), and poly(γ-3-chloropropyl-L-glutamate) (PCPLG). In a glovebox, 
CH-L-Glu-NCA (100 mg, 0.34 mmol) was dissolved in DMF (1.5 mL) followed by addition of the 
HMDS-DMF solution (85.8 µL, 0.1 M, M/I = 40). The mixture was stirred at room temperature 
until the monomer conversion reached above 99% as monitored by FTIR. The polymer was then 
precipitated with cold methanol and dried under vacuum at 40 oC for 8 h. The polymer PCHLG 
was obtained as white viscous solid (78-81% yield). 1H NMR (CDCl3:TFA-d, 85:15, v/v): δ 4.60 
(m, 1H, α-H), 4.09 (m, 2H, -CH2OOC-), 3.52 (t, 2H, -CH2Cl), 2.50 (m, 2H, -CH2CH2COO-), 2.19-
1.90 (m, 2H, -CH2CH2COO-), 1.81-1.30 (m, 8H, ClCH2(CH2)4CH2O-). 
PCHDLG was was polymerized from CH-DL-Glu-NCA using the same method (76-80% yield).
 
1H NMR (CDCl3:TFA-d, 85:15, v/v): δ 4.60 (m, 1H, α-H), 4.10 (m, 2H, -CH2OOC-), 3.52 (t, 2H, 
-CH2Cl), 2.48 (s, 2H, -CH2CH2COO-), 2.28-1.90 (m, 2H, -CH2CH2COO-), 1.81-1.30 (m, 8H, 
ClCH2(CH2)4CH2O-). 
PCPLG was polymerized from CP-L-Glu-NCA using the same method (72-75% yield). 
1H NMR 
(CDCl3:TFA-d, 85:15, v/v): δ 4.58 (s, 1H, α-H), 4.27 (m, 2H, -CH2OOC-), 3.57 (t, 2H, -CH2Cl), 
2.52 (s, 2H, -CH2CH2COO-), 2.23-1.92 (m, 4H, -CH2CH2COO- and ClCH2CH2CH2O-). 
Synthesis of poly(γ-6-(triethylphosphonium)hexyl-L-glutamate) (PHLG-TEP), poly(γ-6-
(triethylphosphonium)hexyl-DL-glutamate) (PHDLG-TEP), and poly(γ-3-
(triethylphosphonium)propyl-L-glutamate) (PPLG-TEP). PCHLG (86.5 mg, 0.35 mmol of 
chloro groups) was dissolved in DMF (2.0 mL) and NaI (157 mg, 1.05 mmol) was dissolved in 
acetonitrile (2.0 mL). Both solutions were transferred to a 25-mL Schlenk tube into which 
triethylphosphine (TEP, 103 μL, 0.70 mmol) was added. The mixture was stirred at 80 oC for 48 
h. After most solvent was removed under vacuum, NaCl aqueous solution (1.0 M, 3.0 mL) was 
added. The solution was then stirred at room temperature for 3 h to promote ion exchange. The 
product was purified by dialysis (MWCO = 1 kDa) against distilled (DI) water for 3 days. PHLG-
TEP as the final product was obtained as white solid powder after lyophilization (94.7 mg, 74% 
yield). 1H NMR (TFA-d): δ 4.83 (s, 1H, α-H), 4.24 (m, 2H, -CH2OOC-), 2.68 (m, 2H, -
CH2CH2COO-), 2.42-2.14 (m, 10H, -CH2CH2COO- and -P
+(CH2CH3)3), 1.82-1.45 (m, 8H, -
PCH2(CH2)4CH2O-), 1.35 (m, 9H, -P
+(CH2CH3)3). 
31P NMR (TFA-d): δ 39.6. 
PHDLG-TEP was synthesized from PCHDLG using the same method (68% yield). 1H NMR 
(D2O): δ 4.22 (s, 1H, α-H), 3.98 (m, 2H, -CH2OOC-), 2.36 (s, 2H, -CH2CH2COO-), 2.22-1.78 (m, 
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10H, -CH2CH2COO- and -P
+(CH2CH3)3), 1.57-1.23 (m, 8H, -PCH2(CH2)4CH2O-), 1.09 (s, 9H, -
P+(CH2CH3)3). 
31P NMR (D2O): δ 39.5. 
PPLG-TEP was synthesized from PCPLG using the method (70% yield). 1H NMR (D2O): δ 
4.20 (s, 1H, α-H), 4.04 (m, 2H, -CH2OOC-), 2.37 (s, 2H, -CH2CH2COO-), 2.20-1.74 (m, 12H, -
CH2CH2COO-, -P
+(CH2CH3)3 and -PCH2CH2CH2O-), 1.07 (s, 9H, -P
+(CH2CH3)3). 
31P NMR 
(D2O): δ 40.2. 
Synthesis of fluorescein-dimethylaminopropylamine (FITC-DMAPA). Fluorescein 
isothiocyanate (FITC, 30 mg, 0.077 mmol) and 3-(dimethylamino)-1-propylamine (DMAPA, 19 
μL, 0.15 mmol) were dissolved in DMF (2.0 mL) and stirred at 50 oC for 24 h with the protection 
of aluminum foil. After most DMF and unreacted DMAPA were removed under vacuum, the 
residue was washed three times with methanol. The final product FITC-DMAPA was obtained as 
orange powder (85% yield). 1H NMR (DMSO-d6): δ 8.40-6.40 (9H, ArH from FITC), 3.52 (m, 
2H, -NHC(S)NHCH2-), 2.25 (m, 2H, (CH3)2NCH2-), 2.08 (s, 6H, -N(CH3)2), 1.66 (m, 2H, 
(CH3)2NCH2CH2-). ESI-MS: m/z calcd for C26H26N3O5S [M+H]
+ 492.16, found 492.2. 
Synthesis of fluorescein-polypeptide conjugates. Fluorescein-labeled polypeptides were 
synthesized via the nucleophilic reaction of chlorine-functionalized polypeptides with fluorescein-
labeled tertiary amine FITC-DMAPA and triethylphosphine. Briefly, PCHLG (30 mg, 0.12 mmol 
of chloro groups) and FITC-DMAPA (3.0 mg, 5 mol% of chloro groups) were dissolved in DMF 
(2.0 mL), and NaI (54 mg, 0.36 mmol) was dissolved in acetonitrile (2.0 mL). Both solutions were 
transferred to a 25-mL Schlenk tube and stirred at 80 oC for 24 h. TEP (36 μL, 0.24 mmol) was 
then added and the resulting mixture was stirred at 80 oC for another 48 h. After most of the solvent 
was removed under vacuum, NaCl aqueous solution (1.0 M, 3.0 mL) was added and the mixture 
was stirred for 3 h to promote ion exchange. The solution was then dialyzed against DI water 
(MWCO = 1 kDa) for 3 days, and fluorescein-labeled PHLG-TEP was obtained as orange powder 
after lyophilization. Fluorescein-labeled PHDLG-TEP and PPLG-TEP were synthesized using the 
same method from PCHDLG and PCPLG, respectively. 
Fluorescence-activated cell sorting (FACS) experiment. Cells were seeded on 24-well plates 
at 5×104 cells/well and cultured for 24 h before they reached confluence. The medium was replaced 
with serum-free DMEM, into which fluorescein-labeled PHLG-TEP was added at the final 
concentration of 20 μg/mL. After incubation for 4 h at 37 oC or 4 oC, cells were washed with PBS 
containing heparin (20 U/mL) for 3 times and trypsin (200 μL/well) was then added to detach the 
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cells from the plate. After the cells were harvested, 4% paraformaldehyde (100 μL) was added to 
fix the cells. Samples were kept in covered tubes and subjected to flow cytometry analysis (BD 
FACSCanto, Franklin Lakes, NJ, USA). 
Cell uptake of polypeptides. The detailed procedure of cell uptake studies, confocal laser 
scanning microscopy (CLSM), and cytotoxicity measurements were described in Section 4.4. 
Cell penetration mechanisms. To explore the cellular internalization mechanism of 
polypeptides, cells were pre-incubated with endocytosis inhibitors including methyl-β-
cyclodextrin (mβCD, 5 mM), chlorpromazine (10 μg/mL), or wortmannin (10 μg/mL) for 30 min 
prior to the addition of fluorescein-polypeptides, and cells were further incubated at 37 oC for 2 h. 
To block the energy-dependent endocytosis, cells were incubated at 4 oC during 2-h uptake period. 
The cell penetration level was determined as described above, and results were expressed as 
percentage uptake level of the control cells which were incubated with polypeptides at 37 oC for 2 
h in the absence of endocytic inhibitors. 
 
5.5 Conclusion 
In summary, we designed and synthesized polypeptides that have long hydrophobic side chains 
and terminal quaternary phosphonium positive charged groups for the first time via controlled 
ring-opening polymerization of chlorine-functionalized glutamic acid based N-carboxyanhydrides 
followed by nucleophilic substitution of the pendant chlorine groups with triethylphosphine. The 
side-chain length as well as the α-carbon stereochemistry of the polypeptides could be easily 
modulated, leading to polypeptides with different secondary structures. PHLG-TEP, a 
phosphonium-containing polypeptide having a sufficient long backbone-to-charge distance (11 σ-
bonds), adopted helical conformation with great stability against the change of pH and ionic 
strength of the polypeptide aqueous solution. The helical PHLG-TEP showed desired cell 
penetration capability that was mediated mainly via the non-endocytic transduction, and notably 
outperformed its racemic and random-coiled analogues, which demonstrated the importance of α-
helix in mediating membrane penetration. Along with its low cytotoxicity, this novel class of 
cationic, phosphonium-based, helical polypeptides would provide an important addition to 
synthetic cell penetrating peptides and exhibit promising potentials for biomedical application. 
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CHAPTER 6 
POLYPEPTIDE VESICLES WITH DENSELY PACKED 
MULTILAYER MEMBRANES † 
 
6.1 Introduction 
Polymeric vesicles (or polymersomes) have found broad applications in encapsulation and drug 
delivery1-7. Amphiphilic block copolymers with coil-coil structures are often used to form 
sandwich-like 2D curved membrane structures with a hydrophobic wall and hydrophilic inner and 
outer coronas1, 2. A hydrophobic polymer segment with high molecular weight (MW) is essential 
to ensure strong interactions between chains (e.g., chain entanglement and/or hydrophobic 
interaction) to form a kinetically frozen hydrophobic layer with appropriate toughness8. In addition, 
the strong interactions are necessary to impart low membrane permeability for the stable 
encapsulation of cargo1, 9. Although polymersomes are structurally related to liposomes, as both 
are vesicles with hollow interiors, one key structural difference is that liposomes have well packed 
short lipid bilayer structures whereas polymersomes are based on randomly entangled long 
hydrophobic polymers. Control over the stability and membrane permeability of polymersomes 
rather than the detailed molecular arrangement in the hydrophobic layer has been largely the focus 
of study in the past 20 years1, 2, 9-11. 
In contrast to coil-coil block copolymers, rod-coil block copolymers have received increasing 
attention in solution self-assembly due to the special rigid conformation of the rod blocks12-14. The 
anisotropic alignment of hydrophobic rods favors the formation of 2D membranes with lower 
curvature rather than the formation of spherical micelles2, 14. Polypeptides, a class of polymeric 
biomaterials with broad biological and biomedical applications15-21, can adopt rigid -helical 
conformation and have been demonstrated to be excellent rod-like building blocks for vesicle 
                                                          
† Part of this chapter is adapted from the publication: Song, Z., Kim, H., Ba, X., Baumgartner, R., 
Lee, J. S., Tang, H., Leal, C., Cheng, J. Polypeptide vesicles with densely packed multilayer 
membranes. Soft Matter 2015, 11, 4091-4098. 
† Collaboration and contribution statement: The SAXS/WAXS tests were performed in 
collaboration with Hojun Kim and Prof. Cecilia Leal in University of Illinois at Urbana-
Champaign (including Figure 6.6) 
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membranes22-24. For instance, Deming et al. first reported polypeptide vesicles through the 
conformation-specific self-assembly of amphiphilic diblock copolypeptides25, 26. Membrane 
stability was enhanced by the preferred side-by-side alignment of rigid rod-like hydrophobic 
polypeptide helices along the helical axis and the lower conformational entropy loss during the 
assembly process2, 9. The detailed polypeptide vesicle membrane structures, however, have never 
been fully studied, although they are believed to form very thin hydrophobic layers (several 
nanometers) with the suggested unilamellar membrane structure25, 26. Given the rigidity of 
polypeptide rods compared to lipids, polypeptide vesicles with such nanometer-thin stiff 
membrane may have compromised vesicle stability and poorly controlled membrane permeability. 
 
Figure 6.1 Schematic illustration of polypeptide vesicle formation with densely packed multilayer 
membrane and UV-triggered disassembly process. The polypeptide length l is estimated by 
assuming ideal -helical conformation, the layer thickness d and the membrane thickness (domain 
size) L are estimated from SAXS results. 
In this article, we use poly(ethylene glycol)-block-poly(γ-(4,5-dimethoxy-2-nitrobenzyl)-L-
glutamate) (PEG-b-PL), a rod-coil diblock polymeric amphiphile with a hydrophobic polypeptide 
segment, to show how the membrane structures of polypeptide vesicles can be manipulated. With 
cryogenic TEM and X-ray scattering techniques, we show for the first time clear evidence of 
PEG-b-PL
Assembly
UV Triggered
Disassembly
Densely Packed
Multilayer Membrane
l = 3 nm
d = 13.4 nm
L = 42 nm
83 
densely packed multilayer membrane structures of polypeptide vesicles. These structures result 
presumably from further assembly of unstable unilamellar structures, and closely resemble 
liposomal multilamellar vesicle (MLV) membrane structures with the absence of water spacing 
between layers (Figure 6.1). Random-coil PEG segments play an important role in segregating the 
PL macromolecular rods into a smectic-like ordering, while being short enough to be collapsed 
and buried between the layers of polypeptide helices. Although α-helical polypeptides such as 
poly(-benzyl-L-glutamate) (PBLG) often pack nematically with long-range directional order but 
no positional order27-30, we are able to obtain smectic ordering of rod-like polypeptides through 
the use of flexible PEG domains whereas previously this packing could only be obtained through 
the use of genetically engineered monodisperse polypeptides31, 32. The incorporation of photo-
responsive PL segments also enables the study of the triggered disassembly of such vesicles by 
changing the side-chain charge state and disrupting the amphiphilic structure (Figure 6.1). 
 
6.2 Self-assembly morphology of rod-coil polypeptide based copolymers 
 
Scheme 6.1 Synthetic route of amphiphilic rod-coil diblock copolymer PEG-b-PL. a) L-Glutamic 
acid copper (II) complex, 4,5-dimethoxy-2-nitrobenzyl bromide, N,N,N',N'-tetramethylguanidine, 
DMF, H2O, 40 
oC, 24 h. b) Phosgene, THF, 50 oC, 2 h. c) mPEG-NH2, DMF, rt, 24 h. 
We prepared PEG-polypeptide amphiphilic diblock copolymers through ring-opening 
polymerization (ROP) of γ-(4,5-dimethoxy-2-nitrobenzyl)-L-glutamate N-carboxyanhydride 
(DMNB-L-Glu-NCA)
19 (Scheme 6.1). The resulting diblock copolymers are named as PEGm-b-
PXn, where “m” is the MW of PEG, “n” is the degree of polymerization (DP) of polypeptides, and 
“X” refers to the stereochemistry of the amino acid residues of the polypeptide block (L, D or DL). 
Since previously reported polypeptide vesicles only have ~ 20 hydrophobic polypeptide repeating 
units in their bilayer structure25, 26, 33-37, we first evaluated whether high MW polypeptides could 
be used to prepare vesicles with thick membranes and, thus, potentially improved stability. We 
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synthesized PEG1k-b-PL100 and used the co-solvent method
38 to drive the formation of self-
assembled structures. After water was dropwise added into the DMF solution of PEG1k-b-PL100, 
macroscopic precipitation was observed instead of self-assembly, suggesting uncontrolled 
polypeptide chain interaction. The relatively short hydrophilic PEG block may not be able to 
prevent the random packing of rod-like polypeptides25. 
Table 6.1 Synthesis of PEG-b-PL, PEG-b-PD and PEG-b-PDL via mPEG-NH2 initiated ring-
opening polymerization of N-carboxyanhydrides (NCAs) a 
Copolymer Initiator M b M/I c 
Mn(Mn*) 
(kDa) d,e 
Mw/Mn 
e Composition f 
PEG1k-b-PL10 mPEG1k-NH2 L 10/1 4.4 (4.2) 1.12 PEG22-b-PL10 
PEG1k-b-PL20 mPEG1k-NH2 L 20/1 7.3 (7.5) 1.10 PEG22-b-PL22 
PEG1k-b-PL40 mPEG1k-NH2 L 40/1 13.7 (14.0) 1.10 PEG22-b-PL44 
PEG5k-b-PL10 mPEG5k-NH2 L 10/1 8.4 (8.2) 1.14 PEG113-b-PL11 
PEG5k-b-PL20 mPEG5k-NH2 L 20/1 12.0 (11.5) 1.07 PEG113-b-PL23 
PEG5k-b-PL40 mPEG5k-NH2 L 40/1 18.6 (18.0) 1.06 PEG113-b-PL39 
PEG2k-b-PL20 mPEG2k-NH2 L 20/1 8.5 (8.5) 1.11 PEG44-b-PL20 
PEG2k-b-PL40 mPEG2k-NH2 L 40/1 15.4 (15.0) 1.07 PEG44-b-PL38 
PEG1k-b-PD20 mPEG1k-NH2 D 20/1 7.6 (7.5) 1.14 PEG22-b-PD22 
PEG1k-b-PDL20 mPEG1k-NH2 L/D (10+10)/1 7.6 (7.5) 1.06 PEG22-b-PDL22 
PEG5k-b-PD20 mPEG5k-NH2 D 20/1 11.9 (11.5) 1.11 PEG113-b-PD25 
PEG5k-b-PDL20 mPEG5k-NH2 L/D (10+10)/1 11.8 (11.5) 1.03 PEG113-b-PDL23 
a Polymerizations were conducted at room temperature. Monomer conversions were all above 99%. 
b Monomer: L = DMNB-L-Glu-NCA, D = DMNB-D-Glu-NCA. 
c Monomer to initiator molar ratio. 
d Obtained molecular weight (theoretical molecular weight). e Determined by GPC. f Determined 
by 1H NMR. 
Copolymers with reduced polypeptide DP were then synthesized in order to better control helix-
helix packing for stable colloidal suspensions. Self-assemblies from three amphiphilic copolymers 
with shorter polypeptide lengths, PEG1k-b-PL10, PEG1k-b-PL20, and PEG1k-b-PL40, were prepared. 
The α-helical conformation of the synthesized PL blocks in aqueous environment was first 
confirmed by circular dichroism (CD). Since PEG1k based copolymers have limited solubility in 
85 
water, they did not show strong CD signals (Figure 6.2). PEG5k based water soluble copolymers 
were therefore used instead to study the secondary structure of the copolymers.All PL based 
copolymers exhibited double minima shaped curves at 208 and 222 nm, indicating right-handed 
α-helical conformations. Additionally, since the assembled polypeptide blocks reside in a 
hydrophobic solid-like environment, ATR-FTIR spectroscopy was also used to probe the 
secondary structures of polymers in solid states (Figure 6.2). Amide I band (1655 cm-1) and amide 
II band (1553 cm-1) in all solid samples indicate an α-helical conformation, the strong peak in FTIR 
spectra at 1524 cm-1 generates from nitrobenzene vibration. 
 
Figure 6.2 Characterization of the secondary structure of polypeptide based copolymers. (A) CD 
spectra of PEG5k-b-PL10, PEG5k-b-PL20, PEG5k-b-PL40, PEG5k-b-PD20, and PEG5k-b-PDL20 in 
aqueous solution at pH = 7. (B) Attenuated total reflectance (ATR)-FTIR spectra of PEG-b-PL 
diblock copolymers in solid states. 
Based on the TEM analysis, we found that PEG1k-b-PL20 could largely form hollow vesicular 
structures with a diameter around 400 nm through closure of the lamellar membrane (Figure 6.3). 
Such PEG/polypeptide ratio was found to be crucial to form stable vesicular morphology. PEG1k-
b-PL10 copolymers showed irregular membrane structures presumably because of the weak 
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interaction of the ultra-short polypeptide (PL 10-mer)26 (Figure 6.3). PEG1k-b-PL40 mainly formed 
large broken pieces of membrane likely due to the stiff nature of the PL 40-mer, which makes it 
difficult for the membrane to curve into vesicles25 (Figure 6.3). In addition, we noticed all three 
copolymer assemblies showed uncommonly high contrast on carbon film grids without staining. 
This observation was quite different from other amphiphiles with similar lengths (e.g., lipids), 
indicating a thick membrane structure (Figure 6.4). 
 
Figure 6.3 The self-assembly morphology of amphiphilic diblock copolymers PEG-b-polypeptide. 
(A-E) Composition-dependent self-assembly morphology: (A) PEG1k-b-PL10, (B) PEG1k-b-PL20, 
(C) PEG1k-b-PL40, (D) PEG2k-b-PL20 and (E) PEG2k-b-PL40. (F-G) Conformation-dependent self-
assembly morphology: (F) PEG1k-b-PD20 and (G) PEG1k-b-PDL20. (H-I) Cryogenic TEM images 
of PEG1k-b-PL20 (H) and PEG2k-b-PL40 (I). 
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Figure 6.4 Regular TEM contrast comparison of PEG1k-b-PL20 (A) and PEG2k-b-PL40 (B) 
assemblies. Regular TEM image of PEG5k-b-polystyrene (PSt)990 polymersome (C) was included 
for comparison39. PEG1k-b-PL20 assembly, with much shorter copolymer amphiphile used, showed 
similar contrast (membrane thickness) with PEG5k-b-PSt990 polymersome. PEG2k-b-PL40 exhibited 
much lower contrast compared with PEG1k-b-PL20 and PEG5k-b-PSt990 vesicles, indicating thinner 
membrane. 
In order to understand how copolymer composition and polypeptide conformation influence the 
assembly structure25, 26, 34, we synthesized four more polypeptides with variable PEG lengths and 
polypeptide conformations. PEG2k-b-PL20 and PEG2k-b-PL40, with increased hydrophilic PEG size 
and bulkiness, showed the sheet-like typical bilayer membrane structures with low contrast in the 
absence of stain (Figure 6.3 and Figure 6.4). The self-assembly of PEG1k-b-PD20 and PEG1k-b-
PDL20 were also studied to elucidate the effects of polypeptide conformation on the self-assembled 
structures. CD analysis indicated PD segments adopted left-handed α-helical conformation, while 
the racemic PDL block showed a random-coil conformation with no Cotton effect (Figure 6.2). 
PEG1k-b-PD20 assemblies exhibited similar hollow vesicular morphology with thick membranes, 
substantiating that the helical sense has no effect on the assembly behavior (Figure 6.3). Racemic 
PEG1k-b-PDL20 only formed large compound micelles instead of 2D sheets
38, 40 (Figure 6.3), 
similar as what was previously reported for polypeptide vesicles with random-coil hydrophobic 
polypeptide blocks25, 26. In the absence of side-by-side ordering of helical polypeptide rods, coil-
coil diblock copolymers with pure hydrophobic effects cannot form stable bilayer membrane at 
relatively low hydrophobic-to-hydrophilic ratio2, 25, 26, 35. 
From the self-assembly behavior of the seven copolymers shown in Table 6.2, we have clearly 
shown that both morphology and membrane structures of PEG-b-PL assemblies are governed not 
only by the block composition of amphiphiles but also the conformation of hydrophobic segments. 
The membrane structures of assemblies were also studied by cryogenic TEM (cryo-TEM) to 
confirm the difference between PEG1k-b-PL and PEG2k-b-PL assemblies. PEG1k-b-PL20 showed 
A
200 nm
B
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C
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uniform, hollow vesicular structures with high contrast (Figure 6.3). The membrane thickness was 
estimated to be 40 nm, which is much thicker than typical bilayer structure (~ 6 nm for two 
polypeptide blocks with DP = 20, assuming ideal α-helix). On the other hand, PEG2k-b-PL40 
showed spherical sheets with much lower contrast (Figure 6.3). 
Table 6.2 The self-assembled structures of the PEG-b-polypeptide copolymers 
Copolymer Morphology a Membrane b 
PEG1k-b-PL10 V, I Multilayer 
PEG1k-b-PL20 V Multilayer 
PEG1k-b-PL40 I Multilayer 
PEG2k-b-PL20 S Bilayer 
PEG2k-b-PL40 S Bilayer 
PEG1k-b-PD20 V Multilayer 
PEG1k-b-PDL20 LCM - 
a Morphology determined visually from regular TEM images. V = vesicles; I = irregular aggregates, 
S = membrane sheets, LCM = large compound micelle. b Membrane structure determined by cryo-
TEM images and SAXS results. 
 
6.3 Membrane structure of self-assemblies 
We propose that the formation of the unusually thick membrane of PEG1k-b-PL is due to the 
further assembly of “unstable” bilayer sheets into a multilayer structure (Figure 6.5). Two 
interactions may play a role in the assembly of these multilayer structures. First, previous work on 
polypeptide based rod-coil amphiphiles demonstrates that the interactions between α-helical rigid 
rod-like hydrophobic segments first drive the formation of 2D bilayer sheets through anisotropic 
side-by-side ordering25, 26. Since conformational entropy loss during the segregation process of 
stiff helical polypeptides is insignificant, the minimization of interfacial energy dominates the 
assembly process of PEG-b-PL forming bilayer structures2. Second, the interaction between the 
formed bilayer and the solvent is relatively high in energy, as the PEG is not long and bulky enough 
to fully solvate and stabilize the formed bilayer in the aqueous environment. This leads to higher 
interfacial energy at the hydrophobic-hydrophilic interface, resulting in unstable bilayers subject 
to further assembly for minimized interfacial energy. The bilayers assemble and form multilayer 
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structures with PEG segments collapsed and buried between polypeptide helical domains and 
water molecules excluded between bilayers (Figure 6.5). To our best knowledge, this is the first 
report of further assembly of unstable bilayers into densely packed multilayer membrane structures 
in polymersomes. 
 
Figure 6.5 Proposed self-assembly process of PEG1k-b-PL to form multilayer membrane and 
PEG2k-b-PL to form bilayer membrane. 
The use of PEG1k as the hydrophilic block is important in this polypeptide-based assembly 
system. PEG1k block is not only an effective separator to segregate the polypeptides, but also acts 
as a short and flexible unit connecting the helical layers. PEG2k, when used in the amphiphilic 
copolymer, provides sufficient solubilizing ability and bulkiness to hydrate and stabilize the 
bilayer membrane in aqueous solution, which prefers to form traditional bilayer membrane with 
low interfacial energy (Figure 6.5). The increased size and hydrophilicity of PEG2k segments also 
make it difficult to be buried between layers of helices; therefore, PEG2k-b-PL assembled 
membranes resemble the previous reported polypeptide vesicle systems25, 26, 33-36, which used 
sterically hindered hydrophilic polymer blocks including oligo(ethylene glycol) based α-helical 
polypeptides25, glycopolypeptides34, 36, Y-shaped branched PEG35, or charged polypeptides that 
prevented close-packing of bilayers26, 33. Similar as PEG2k-b-PL, the further assembly of bilayers 
in these systems is therefore not favored considering the bulkiness or the charge repulsion of these 
hydrophilic segments. 
Assembly Assembly
Assembly
PEG-b-PL water
PEG1k-b-PL Unstable bilayer Multilayer
PEG2k-b-PL Stable bilayer
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Figure 6.6 X-ray scattering scans obtained for five different assemblies of PEG-b-PL. (A) SAXS 
scans (logy) reveal a Bragg reflection (indicated by solid arrow) at the characteristic repeat 
distances of d = 2π/q = 12.2, 13.4 and 18.5 nm for PEG1k-b-PL10, PEG1k-b-PL20, and PEG1k-b-
PL40, respectively. A weak second order Bragg peak (indicated by the dash arrow) is also observed 
for the PEG1k-b-PL40 sample (at repeat distance d = 9.0 nm). The peak positions were determined 
by a Gaussian fit to the SAXS lines after a polynomial background reduction. The subtracted 
SAXS data in the q interval of the first peak is shown on the inset. (B) WAXS scans show a 
prominent Bragg peak (indicated by solid arrow) at characteristic distance d (nm) observed for all 
assemblies. PEG1k-b-PL10 (d = 0.66), PEG1k-b-PL20 (d = 0.71), PEG1k-b-PL40 (d = 0.77), PEG2k-
b-PL20 (d = 0.75), and PEG2k-b-PL40 (d = 0.77). Another weak Bragg peak (indicated by the dash 
arrow) is also observed for PEG1k-b-PL20 suspension (at repeat distance d = 1.4 nm). The peak 
positions were determined by a Gaussian fit to the WAXS lines after a polynomial background 
reduction shown on the inset. 
To confirm the multilayered structures and further elucidate how PEG1k-b-PL amphiphiles were 
arranged in the membrane, small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering 
(WAXS) were used to analyze five assemblies in aqueous suspensions (Figure 6.6). In the SAXS 
regime, a Bragg peak was observed for the PEG1k-b-PL assembly at the characteristic distances of 
d = 2π/q (nm): PEG1k-b-PL10 (d = 12.2), PEG1k-b-PL20 (d = 13.4), and PEG1k-b-PL40 (d = 18.5). 
A weak second order Bragg peak was also observed for the PEG1k-b-PL40 sample (at d = 9.0 nm) 
(Figure 6.6). These results indicate the existence of a multilayer arrangement in all PEG1k-b-PL 
membranes, where each layer comprises about 8, 4, and 3 copolymer units of PEG1k-b-PL10, 
PEG1k-b-PL20, and PEG1k-b-PL40 respectively (assuming ideal α-helix, 0.15 nm per polypeptide 
repeating unit). The membrane thickness of self-assemblies, or in other words, the domain size L 
2 4 6 8 10 12
 
 
In
te
n
s
it
y
 (
a
rb
. 
u
.)
 
 q (nm-1)
0.5 1.0 1.5
 
 q (nm-1)
In
te
n
s
it
y
 (
a
rb
. 
u
.)
 PEG1k-b-PL10      PEG1k-b-PL20      PEG1k-b-PL40
 PEG2k-b-PL20      PEG2k-b-PL40
 
 
(A) (B)
 
 
 
  
91 
which relates to the number of layers in each membrane estimated by the full width at half 
maximum of the primary Bragg peaks, is determined to be L = 32, 42, 49 nm for PEG1k-b-PL10, 
PEG1k-b-PL20, and PEG1k-b-PL40, respectively (Figure 6.1). The results correlate well with the 
membrane thickness observed by cryo-TEM of PEG1k-b-PL20 (40 nm). One should note that the 
Bragg reflections in the SAXS regime are rather broad. While there are many possible reasons for 
peak broadening, we should expect to obtain a local distribution of d spacings for PEG-b-PL 
assemblies due to the fact that the PEG moiety is flexible and may act as a ‘spring’ between 
hydrophobic PL units. In addition, the fact that there is no water within the multilayers affects the 
contrast of the X-ray signal. While the PEG domains make the peaks broader, it is also their size, 
relative to the polypeptide segment, affects the degree of ordering. For example, the PEG1k-b-PL10 
membrane gives rise to the strongest Bragg peak intensity compared to other copolymers, 
indicating a more ordered smectic phase. The hydrophilic PEG domain is an effective separator to 
segregate the PL block, and also function as a ‘spring’ to compensate the geometrical mismatch of 
polypeptide layer. Increase of the polypeptide length, with reduced fraction of PEG1k, results in 
decreased segregation effects between helical domains and decreased geometrical compensation 
effects, eventually leading to uncontrolled packing (as PEG1k-b-PL100 mentioned above). Indeed, 
for the PEG2k-b-PL systems where the membrane can barely be observed or appears to be very 
thin in TEM, no Bragg reflections were detected by SAXS. 
Figure 6.6 also shows the WAXS data obtained for all assemblies. A prominent reflection at the 
characteristic spacings of d = 2π/q (nm) is observed for all the samples: PEG1k-b-PL10 (d = 0.66), 
PEG1k-b-PL20 (d = 0.71), PEG1k-b-PL40 (d = 0.77), PEG2k-b-PL20 (d = 0.75), and PEG2k-b-PL40 (d 
= 0.77). Regardless of segment length, these Bragg reflections result from the rise per turn as 
previously reported41. In addition, we also observed another low intensity Bragg peak at low q (q 
= 4.5 nm-1) before the most prominent peak at ca. q = 9 nm-1 for PEG1k-b-PL20. The corresponding 
distance 1.4 nm matches the diameter of α-helical polypeptides42. This WAXS reflection arises 
from a lateral short range order of the polypeptides within the bilayer membrane as similarly 
observed in other α-helix systems31. Through Gaussian peak fitting, the short range order domain 
size of PEG1k-b-PL20 vesicles in lateral direction is calculated as approximately 2.4 nm, which 
corresponds to about two units. With more understandings on copolymer arrangement in the 
multilayer membranes from the X-ray scattering studies, it is clear that the multilayer membrane 
from PEG-b-PL assembly is structurally different from the liposomal MLV and other 
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multilamellar polymersome as no water is found in the densely packed multilayer membrane 
structure7, 43, 44 (Figure 6.1). 
 
6.4 Photo-responsive disassembly of the polypeptide vesicles 
 
Figure 6.7 Disassembly of polypeptide vesicles upon UV irradiation (λ = 365 nm). (A) CD spectra 
of PEG5k-b-PL20 upon UV irradiation at 10 mW/cm
2 for 0, 5, 10 and 30 min. PEG5k was used to 
solubilize PL segments in aqueous solution for CD tests; (B, C) TEM images of PEG1k-b-PL20 
before and after UV irradiation (10 min, 10 mW/cm2). The insets show photography of PEG1k-b-
PL20 aqueous suspension before and after UV irradiation. 
When stimuli responsive functionalities are introduced in vesicle-forming polymeric 
amphiphiles, it is possible to control the morphological transition or membrane permeability, thus 
potentially broaden the application of polymersomes in encapsulation and delivery10, 11, 14, 22. As 
the copolymer has built-in photo-responsive PL domain, we next studied the trigger-induced 
disassembly of PEG1k-b-PL20 vesicles. Under UV irradiation, the cleavage of the 4,5-dimethoxy-
2-nitrobenzyl (DMNB) ester bond results in the transition from the hydrophobic, α-helical PL to 
the anionic, random-coil poly(L-glutamic acid) (Figure 6.1). The elimination of the PL helical 
structure was verified by CD spectroscopy (Figure 6.7). This conformation change, together with 
the change of amphiphilicity of the copolymer, induced the disassembly of vesicles. After 10 min 
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UV irradiation, the turbid vesicle suspension became yellowish and clear, indicating the release of 
the DMNB group and the complete disassembly of the self-assembled structure. The resulting 
post-irradiation samples were further analyzed by TEM, which showed the disappearance of 
regular hollow spherical structures previously observed and the formation of irregular aggregates 
from PEG-b-poly(glutamic acid) dried on the TEM grid (Figure 6.7). All other self-assemblies 
from PEG-b-PL diblock copolymers exhibited similar turbidity and color change, indicating the 
same disassembly mechanism as PEG1k-b-PL20 vesicles. Nile Red was used as a hydrophobic 
indicator to evaluate the UV-responsiveness of PEG1k-b-PL20 vesicles
45. The fluorescent intensity 
of Nile Red is highly dependent on the hydrophobicity of the environment45. Before UV irradiation, 
PL domain packed as hydrophobic membrane in the aqueous suspension and Nile Red could be 
loaded in this region due to hydrophobic interaction and showed high fluorescent signal. UV 
irradiation altered the polypeptide domain into negatively charged hydrophilic poly(L-glutamic 
acid) chain, therefore Nile Red no longer resided in the membrane and precipitated with significant 
fluorescence decrease. The disassembly process was studied with different UV intensities and 
irradiation times, taking advantage of the tunability and precise control of the light trigger46-48. By 
changing the UV intensity from 0.5 to 50 mW/cm2, we were able to successfully control the 
disassembly kinetics. Lower UV intensity led to a slower disassembly process, while longer 
irradiation time (10 min) completely disrupted the vesicle structure (Figure 6.8). As a comparison, 
the fluorescent intensity of Nile Red did not change under dark for at least 20 days. 
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Figure 6.8 UV-responsiveness of PEG1k-b-PL20 vesicle using Nile Red (λex = 540 nm, λem = 620 
nm) as an indicator. (A) Normalized fluorescent intensity of Nile Red (0.1 wt%) after different UV 
irradiation time under different UV intensities (n = 3). (B) Normalized fluorescent intensity of Nile 
Red under dark. 
 
6.5 Materials and methods 
Materials. The general information of common chemicals for polypeptide synthesis was 
presented in Section 2.5. Methoxy poly(ethylene glycol) amines (mPEG-NH2, 1 kDa, 2 kDa and 
5 kDa) were purchased from Laysan Bio (Arab, AL, USA). Carbon film and holey carbon film 
supported copper grids (200 mesh) were purchased from Electron Microscopy Sciences (Hatfield, 
PA, USA). 
Instrumentation. The general instrument setup was presented in Section 2.5. Transmission 
electron microscopy (TEM) and cryogenic TEM (cryo-TEM) images were collected using JEOL 
2100 cryo transmission electron microscope. Ultraviolet (UV) light was generated from an 
OmniCure S1000 UV lamp (Lumen Dynamics Group, Mississauga, Ontario, Canada). Fluorescent 
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spectra were recorded on a Perkin Elmer LS 55 fluorescence spectrometer (PerkinElmer, Santa 
Clara, CA, USA). 
Synthesis of γ-(4,5-Dimethoxy-2-Nitrobenzyl)-L-Glutamate (DMNB-L-Glu) and γ-(4,5-
Dimethoxy-2-Nitrobenzyl)-D-Glutamate (DMNB-D-Glu). DMNB-L-Glu was synthesized 
following the reported procedure.19 In a 250-mL flat bottom flask, N,N,N′,N′-tetramethylguanidine 
(1.1 mL, 8.77 mmol) was added dropwise to a stirred mixture of L-glutamic acid (0.65 g, 4.45 
mmol) and L-glutamic acid copper (II) complex (1.05 g, 2.15 mmol) in DMF (4.0 mL) and distilled 
(DI) water (0.6 mL). The solution was stirred at room temperature for 2 h until all solids were 
dissolved and then more DMF (3.0 mL) was added. 4,5-Dimethoxy-2-nitrobenzyl bromide (2.5 g, 
9.06 mmol) was added to the above solution in one portion. The reaction mixture was stirred at 40 
oC for 24 h. Acetone (100 mL) was added to the mixture and stirred for 2 h until a fine precipitate 
was obtained. The violet solid was collected by filtration, followed by mixing with freshly 
prepared ethylenediaminetetraacetic acid (1.89 g)/sodium bicarbonate (1.08 g) aqueous solution 
(15 mL) to remove excessive copper salts. The mixture was stirred for another 24 h. The crude 
product was collected by filtration and washed with DI water. The solid was further purified by 
recrystallization from isopropanol/DI water (1:1, v/v). Isopropanol was then removed under 
vacuum and DI water was removed via lyophilization to yield the final product DMNB-L-Glu as 
light yellow powder (1.74 g, 77% yield). The glassware was wrapped with aluminum foil to avoid 
light exposure during the whole process. 1H NMR (DMSO-d6/D2O-DCl (35 wt%), 9:1, v/v): δ 7.59 
(s, 1H, ArH), 7.11 (s, 1H, ArH), 5.30 (s, 2H, ArCH2-), 3.86 (t, 1H, α-H), 3.83 (s, 3H, CH3O-), 3.78 
(s, 3H, CH3O-), 2.60 (m, 2H, -CH2CH2CO-), 2.04 (m, 2H, -CH2CH2CO-). 
DMNB-D-Glu was synthesized similarly using D-glutamic acid and D-glutamic acid copper (II) 
complex. The final product was obtained as light yellow powder (78% yield). 1H NMR (DMSO-
d6/D2O-DCl (35 wt%), 9:1, v/v): δ 7.58 (s, 1H, ArH), 7.10 (s, 1H, ArH), 5.29 (s, 2H, ArCH2-), 
3.85 (t, 1H, α-H), 3.82 (s, 3H, CH3O-), 3.77 (s, 3H, CH3O-), 2.58 (m, 2H, -CH2CH2CO-), 2.03 (m, 
2H, -COCH2CH2-). 
Synthesis of γ-(4,5-Dimethoxy-2-Nitrobenzyl)-L-Glutamate N-Carboxyanhydride 
(DMNB-L-Glu-NCA) and γ-(4,5-Dimethoxy-2-Nitrobenzyl)-D-Glutamate N-
Carboxyanhydride (DMNB-D-Glu-NCA). In a dried 250-mL two-neck round bottom flask, 
DMNB-L-Glu (0.70 g, 2.04 mmol) was added and dried under vacuum for 2 h. Phosgene (15 wt% 
in toluene, 2.0 mL, 2.80 mmol) was added along with anhydrous THF (30 mL), the mixture was 
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stirred at 50 oC for 2 h under the protection of drying tube. Solvent THF was then removed under 
vacuum to obtain a yellow solid. The crude product was purified by recrystallization from THF-
hexane (1:5, v/v) three times in a glovebox to obtain light yellow crystal (0.63 g, 84% yield). The 
resulting DMNB-L-Glu-NCA monomer was stored at -30 
oC in the glovebox. The glassware was 
wrapped with aluminum foil to avoid light exposure during the whole process. 1H NMR (CDCl3): 
δ 7.70 (s, 1H, ArH), 6.97 (s, 1H, ArH), 6.50 (s, 1H, NH), 5.48 (q, 2H, ArCH2-), 4.46 (t, 1H, α-H), 
4.00 (s, 3H, CH3O-), 3.96 (s, 3H, CH3O-), 2.65(t, 2H, -CH2CH2CO-), 2.24 (m, 2H, -CH2CH2CO-). 
13C NMR (CDCl3): δ 172.2, 169.6, 153.7, 151.9, 148.9, 140.5, 125.9, 111.6, 108.6, 64.4, 57.0, 
56.8, 56.7, 29.8, 27.1. 
DMNB-D-Glu-NCA was synthesized similarly using DMNB-D-Glu. The final product was 
obtained as light yellow crystal (80% yield). 1H NMR (CDCl3): δ 7.71 (s, 1H, ArH), 6.97 (s, 1H, 
ArH), 6.20 (s, 1H, NH), 5.50 (q, 2H, ArCH2-), 4.44 (t, 1H, α-H), 4.01 (s, 3H, CH3O-), 3.97 (s, 3H, 
CH3O-), 2.65(t, 2H, -CH2CH2CO-), 2.26 (m, 2H, -CH2CH2CO-). 
Synthesis of Poly(Ethylene Glycol)-block-Poly(γ-(4,5-Dimethoxy-2-Nitrobenzyl)-L-
Glutamate) (PEG-b-PL), Poly(Ethylene Glycol)-block-Poly(γ-(4,5-Dimethoxy-2-
Nitrobenzyl)-D-Glutamate) (PEG-b-PD) and Poly(Ethylene Glycol)-block-Poly(γ-(4,5-
Dimethoxy-2-Nitrobenzyl)-DL-Glutamate) (PEG-b-PDL). In a glovebox, DMNB-L-Glu-NCA 
(60 mg, 0.16 mmol) was dissolved in DMF (1.50 mL), followed by adding the DMF solution of 
mPEG-NH2 (0.02 mol/L, 407 μL, 0.008 mmol, M/I = 20). The polymerization mixture was stirred 
at room temperature. FTIR was used to monitor the polymerization until the conversion was above 
99%. The polymer was then precipitated by cold hexane/ether (1:1, v/v) and collected by 
centrifugation. The final polymer PEG-b-PL was obtained as viscous yellow solid after removing 
the solvent residue under vacuum (80-87% yield). The glassware was wrapped with aluminum foil 
to avoid light exposure during the whole process. 1H NMR (CDCl3/TFA-d, 85:15, v/v): δ 7.66 (s, 
1H, ArH), 6.97 (s, 1H, ArH), 5.40 (s, 2H, ArCH2-), 4.67 (s, 1H, α-H), 3.94 (s, 3H, CH3O-), 3.92 
(s, 3H, CH3O-), 3.78 (s, 4H, -OCH2CH2-), 2.59 (s, 2H, -COCH2CH2-), 2.14 (d, 2H, -COCH2CH2-). 
PEG-b-PD was synthesized similarly using DMNB-D-Glu-NCA as the monomer. The final 
product was obtained as a viscous yellow solid (82-85% yield). 1H NMR (CDCl3/TFA-d, 85:15, 
v/v): δ 7.65 (s, 1H, ArH), 6.96 (s, 1H, ArH), 5.39 (s, 2H, ArCH2-), 4.64 (s, 1H, α-H), 3.93 (s, 3H, 
CH3O-), 3.92 (s, 3H, CH3O-), 3.77 (s, 4H, -OCH2CH2-), 2.59 (s, 2H, -COCH2CH2-), 2.13 (d, 2H, 
-COCH2CH2-). 
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PEG-b-PDL was synthesized similarly by mixing DMNB-L-Glu-NCA and DMNB-D-Glu-NCA 
with a 1:1 ratio as the monomers. The final product was obtained as yellow solid (78-82% yield). 
1H NMR (CDCl3/TFA-d, 85:15, v/v): δ 7.63 (s, 1H, ArH), 6.97 (s, 1H, ArH), 5.38 (s, 2H, ArCH2-), 
4.64 (s, 1H, α-H), 3.93 (s, 6H, CH3O-), 3.76 (s, 4H, -OCH2CH2-), 2.58 (s, 2H, -COCH2CH2-), 2.14 
(d, 2H, -COCH2CH2-). 
Preparation of Copolymer Self-Assemblies in Aqueous Solution. Dried PEG-b-PL diblock 
copolymer powder (5 mg, or with 0.1 wt% Nile Red) was dissolved in DMF (1.0 mL) in a small 
vial charged with a magnetic stir bar, followed by dropwise addition of DI water (4.0 mL) via 
syringe pump (KD Scientific, Holliston, MA, USA. Addition speed: 0.1 mL/min). The suspension 
was stirred at room temperature for 2 h, and then transferred to a dialysis bag (MWCO = 1 kDa). 
The assemblies were dialyzed against DI water for 4 h to remove DMF (water changed every hour). 
The resulting suspension was used for subsequent studies. 
Transmission Electron Microscopy (TEM). TEM samples were prepared on carbon film 
supported copper grids (200 mesh). One drop (~ 10 µL) of diluted copolymer assembly aqueous 
suspension (0.25-0.5 mg/mL) was placed on the grid and allowed to interact with the surface for 
10 min. Filter paper was then used to remove the residual polymers and liquid. The sample on the 
grid was imaged using JEOL 2100 cryo TEM at 80 kV. 
Cryogenic Transmission Electron Microscopy (Cryo-TEM). Cryo-TEM samples were 
prepared on holey carbon film supported copper grids (200 mesh) using Vitrobot (FEI, Hillsboro, 
OR, USA). One drop (~ 10 µL) of diluted copolymer assembly aqueous suspension (0.25-0.5 
mg/mL) was placed on the grid, and the drop was blotted with blotting paper. The solution residue 
was then vitrified by rapidly immersing it into liquid ethane. The vitrified sample was transferred 
to a JEOL 2100 cryo TEM microscope for imaging using a cryo-holder at 200 kV. The temperature 
of the sample was kept below -180 oC during the course of sample preparation and imaging. 
Small/Wide-Angle X-ray Scattering (SAXS/WAXS). Copolymer assembly samples were 
prepared in 1.5 mm quartz X-ray capillaries (Hilgenberg Glas, Germany) and the SAXS/WAXS 
experiments were conducted in a home built (Forvis Technologies, Santa Barbara, CA, USA) 
equipment composed of a Xenocs GeniX3D CuKα Ultra Low Divergence X-ray source (1.54 Å / 
8 keV), with a divergence of ~ 1.3 mrad. The 2D diffraction data were radially averaged upon 
acquisition on a Pilatus 300K 20 Hz hybrid pixel Detector (Dectris) and integrated using FIT2D 
software (http://www.esrf.eu/computing/scientific/FIT2D) from ESRF49, 50. 
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UV Irradiation Studies. The copolymer aqueous suspension (1.0 mL) was transferred to a 
small vial charged with a magnetic stir bar, the vial was then placed under UV lamp for UV 
irradiation (λ = 365 nm, I = 0-50 mW/cm2, t = 0-30 min). The UV intensity and irradiation time 
was controlled through the UV lamp to study the disassembly process. 
 
6.6 Conclusion 
We reported the formation of the unprecedented, densely packed multilayer membranes using 
PEG1k-b-PL block copolymers. In such membrane, polypeptide rods exhibit smectic ordering, with 
PEG1k segments buried between the layers of helices. The PEG1k moiety behaves as an effective 
separator to enable polypeptide segregation, and is short enough to allow the interaction of the 
neighboring polypeptide layers for further assembly to eventually form the multilayered structures. 
Tuning copolymer composition and polypeptide conformation lead to the change of self-assembly 
morphology and membrane structures. When diblock copolymer composition is properly adjusted 
(PEG1k-b-PL20), a hollow vesicular morphology is obtained. UV irradiation alters polypeptide 
conformation and copolymer amphiphilicity, resulting in the complete disassembly of self-
assembled structures. The combination of thick membrane structures and trigger-responsive 
moieties in this new polypeptide vesicle may open up new opportunities for the design of 
membranes of encapsulation and delivery systems with improved barrier properties. Meanwhile, 
the unique vesicle membrane structures may also provide new insights into the self-assembly 
behavior of rod-coil block copolymers, showing how precise control of block copolymer 
composition and secondary structure influence the molecular arrangement and eventually control 
the morphology and membrane structures of assemblies. 
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CHAPTER 7 
SURFACTANT-RESISTANT POLYMERSOMES WITH ULTRA-THICK 
MEMBRANES † 
 
7.1 Introduction 
Polymersomes (polymeric vesicles) have generated significant interest over the past few 
decades as a promising structural motif for the encapsulation and delivery of both hydrophobic 
and hydrophilic cargoes1-4. Despite their enhanced toughness, higher membrane viscosity, and 
larger bending modulus as compared to liposomes1, 5, 6, polymersomes remain leaky and 
susceptible to disassembly in the presence of surfactants, which are present in many industrial 
formulations where polymersomes are desired7-9. The amphiphilic structure of surfactant 
molecules destabilizes polymersomes by solubilizing the diblock copolymer amphiphiles into 
micelles10. While crosslinkable functional handles incorporated into the membrane of 
polymersomes has improved the resistance to surfactants11-13, this post-assembly strategy requires 
additional chemical modification of monomers or polymers that are time consuming. 
As an alternative to crosslinking, it is also possible to improve the resistance to surfactants by 
increasing the polymersome membrane thickness. As reported by Pata and co-workers, the 
dominant mechanism for surfactant-induced dissolution of polymersomes is surfactant transport 
through the bilayer, which can be suppressed by thicker membranes10. A linear relationship was 
observed between membrane thickness and the critical surfactant concentration required to 
disassemble 50% of polymersomes. The thickest polymersome membranes evaluated, however, 
were only 14.8 nm; these vesicles were still disrupted in the presence of only 1 wt% of non-ionic 
surfactant, Triton X-10010. 
While it has been reported that thicker membranes improve the resistance of vesicles to 
surfactants, it remains unknown whether the linear thickness-resistance trend will continue upon 
further increasing the thickness of polymersomes. This lack of knowledge is due to the difficulty 
                                                          
† Part of this chapter is adapted from the publication: Song, Z.; Huang, Y.; Prasad, V.; Baumgartner, 
R.; Zhang, S.; Harris, K.; Katz, J. S.; Cheng, J. Preparation of Surfactant-Resistant Polymersomes 
with Ultrathick Membranes through Raft Dispersion Polymerization. ACS Appl. Mater. Interfaces 
2016, 8, 17033-17037. 
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in synthesizing thicker polymersomes. In this communication, we report the synthesis and 
surfactant resistance of ~ 47 nm thick polymersomes assembled from poly(ethylene oxide)-block-
polystyrene (PEO-b-PSt) (Figure 7.1). These assemblies showed negligible dissolution and good 
retention of encapsulated cargo in the presence of up to 40 wt% anionic and non-ionic surfactants. 
To the best of our knowledge, this is the first report of surfactant-resistant polymersomes that can 
survive in such a surfactant rich environment. 
 
Figure 7.1 (A) Preparation of surfactant-resistant PEO-b-PSt polymersomes with ultra-thick 
membranes through RAFT dispersion polymerization. (B) The chemical structures of anionic and 
non-ionic surfactants tested in this study. 
 
7.2 Preparation of polymersomes through RAFT dispersion polymerization 
Since the polymersome membrane thickness is related to the molecular weight (MW) of the 
hydrophobic block5, we first attempted to synthesize PEO-b-PSt amphiphilic diblock copolymers 
with ultra-high PSt MWs in order to achieve ultra-thick polymersome membranes. The synthesis 
of these polymers in homogeneous systems, however, was difficult due to the low kp value of 
styrene (St)14. Polymerization-induced self-assembly (PISA) was therefore selected instead to 
form PEO-b-PSt polymersomes during the polymerization, as PISA has been shown to be capable 
Membrane thickness
L ~ 47 nm
(A)
(B)
L
mPEO-CTA St
PEO-b-PSt
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of synthesizing high MW polymers at an accelerated rate15, 16. In this technique, reversible 
addition-fragmentation chain transfer (RAFT) dispersion polymerization is used to prepare 
polymers with controlled MWs and narrow molecular weight distributions (MWDs)17-20. 
Table 7.1 Characterization of PEO-b-PSt assemblies after RAFT dispersion polymerization a 
Time (h) Composition b Mn (kDa) 
c PDI c Morphology d L e (nm) 
2 PEO113-b-PSt152 28 1.22 - - 
6.5 PEO113-b-PSt380 42 1.11 SM - 
16 PEO113-b-PSt663 69 1.10 SM, TM, V - 
24 PEO113-b-PSt1058 111 1.08 V 42±4 
32 PEO113-b-PSt1141 120 1.13 V 44±4 
40 PEO113-b-PSt1441 147 1.09 V 47±7 
48 PEO113-b-PSt1696 191 1.06 V, LCV - 
a All polymerizations were conducted in methanol at 80 oC with [St]:[mPEO-CTA]:[AIBN] = 
10,000:1:0.1. b Determined by NMR. c Determined by GPC. d Determined by TEM. SM = spherical 
micelle, TM = tubular micelle, V = vesicle, LCV = large compound vesicle. e Membrane thickness; 
measured by counting 100 polymersomes from 20 TEM images. 
The RAFT dispersion polymerization was conducted in methanol, which is known to be a good 
solvent for St and the methoxy PEO macromolecular chain transfer agent (mPEO-CTA) while 
being a poor solvent for the resulting PSt polymer19 (Figure 7.1). As the polymerization of St 
proceeded, the initially clear methanol solution of St and mPEO-CTA gradually became turbid 
with time. The resulting morphology of the self-assembly was dictated by the block ratios2, 3, and 
hence directly related to the polymerization time (Table 7.1). At early stages of polymerization 
where the PSt block was short, the PEO-b-PSt diblock copolymer formed spherical and tubular 
micelles (Figure 7.2 and 7.3). A micelle-to-vesicle transition was observed upon further increasing 
the polymerization time to > 16 h, where the degree of polymerization (DP) of PSt block exceeded 
600 (Figure 7.4). Continuing to increase the polymerization time resulted in vesicles with thicker 
membranes as observed via TEM (Figure 7.2). The thickest polymersome membranes were 
obtained after a 40 h polymerization time, leading to a copolymer composition of PEO113-b-PSt1441 
(Figure 7.4). The membrane thickness was (47 ± 7) nm (Figure 7.5), which agreed very well with 
the theoretical sum of the end-to-end distance of two PSt chains in the unperturbed state (bilayer 
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structure, L = 2 × 0.067M1/2 = 52 nm, where M is the molecular weight of the PSt block)21. The 
broad particle size distribution was attributed to the high monomer fraction of the RAFT dispersion 
polymerization22 (Figure 7.2). While thicker polymersomes were targeted by even longer 
polymerization time, a different assembly morphology, large compound vesicles, was instead 
obtained which is not the focus of this study. 
 
Figure 7.2 TEM images of PEO-b-PSt self-assemblies after different polymerization times. 
 
Figure 7.3 SEM images of PEO-b-PSt self-assemblies after different polymerization times. 
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Figure 7.4 Characterization of PEO-b-PSt copolymers after different polymerization times. (A) 
Representative 1H NMR spectrum of PEO-b-PSt in CDCl3. The composition of PEO-b-PSt diblock 
copolymers was calculated from the integral ratio of proton b (the backbone protons from PSt 
block) to proton a (methylene protons from PEO block), where the degree of polymerization (DP) 
of PEO was known as 113 (molecular weight = 5 kDa). (B) GPC traces of PEO-b-PSt after 
different polymerization times. 
 
Figure 7.5 Membrane thickness distribution in methanol after RAFT dispersion polymerization 
(A) and in water after purification (B). The membrane thickness was measured by counting 100 
polymersomes selected from 20 TEM images. 
 
7.3 Surfactant resistance of polymersomes with ultra-thick membranes 
The PEO113-b-PSt1441 polymersome dispersion in methanol was purified using dialysis and 
ultrafiltration, resulting in a final aqueous dispersion of polymersomes. To evaluate the 
polymersome stability against surfactants, the resulting suspension was first incubated with 
different anionic and non-ionic surfactants, including sodium dodecyl sulfate (SDS), sodium 
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dodecylbenzenesulfonate (LAS), STEOL®, DOWFAXTM, BIO-SOFT®, Triton X-100, and 
ECOSURFTM (Figure 7.1). After one month incubation in 5 wt% solutions of the various 
surfactants, all the polymersome dispersions remained opaque and showed an unappreciable 
change in turbidity at 500 nm, indicating negligible disassembly and dissolution of polymeric 
amphiphiles by the surfactant23 (Figure 7.6). 
 
Figure 7.6 Turbidity tests at 500 nm of PEO-b-PSt vesicles in the presence of (A) various anionic 
surfactant at 5 wt%; (B) various non-ionic surfactant at 5 wt%; (C) selected anionic and non-ionic 
surfactants (ECOSURFTM EH-6 and DOWFAXTM) at higher concentration of 10, 20, and 40 wt%; 
(D) selected anionic and non-ionic surfactant (SDS and BIO-SOFT®) at 5 wt% with shear force 
pre-treatment (probe sonicator, 700 W, 50% amplitude, 14-s pulse sequence, 2-s pulse and 1-s 
delay). 
The broad range of surfactant resistance was demonstrated by the fact that changes in surfactant 
structure do not significantly alter the stability of PEO-b-PSt vesicles. These surfactants selected 
contain various differences in structure including the incorporation of aromatic groups (aromatic 
LAS, compared with non-aromatic SDS and STEOL®), the change in charge density (two anions 
for DOWFAXTM, compared with SDS, LAS, and STEOL® with one anion per molecule), and the 
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variation of hydrophilic-to-hydrophobic ratios (three ECOSURFTM surfactants with different 
EO/PO ratios). The DLS intensity of polymersomes also did not change over this same time period 
(Figure 7.7), confirming the absence of new particle populations and indicating insignificant 
formation of new mixed surfactant-polymer micelles that would form upon polymersome 
disassembly10. The morphology and membrane thickness also showed no significant changes after 
surfactant treatment, as verified by TEM and SEM (Figure 7.8 and Figure 7.9). The superb 
resistance was further validated upon increase of the surfactant concentration up to 40 wt%, where 
the optical density at 500 nm stayed constant for one month (Figure 7.6). Although rupture of 
polymersomes in the presence of shear force such as sonication has been reported24, the ultra-thick 
PEO-b-PSt vesicles remained stable after sonication even in the presence of SDS or BIO-SOFT 
(no turbidity changes observed, Figure 7.6), further demonstrating the stability of the 
polymersomes. 
 
Figure 7.7 DLS results (size vs intensity) of vesicles incubated with BIO-SOFT® (10 wt%) as 
prepared (top) and after 30 days (bottom). 
 
Figure 7.8 TEM images of vesicles before surfactant treatment (A) and after treatment with BIO-
SOFT® (10 wt%) (B) or SDS (10 wt%) (C). Scale bar = 200 nm. 
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Figure 7.9 SEM images of polymersomes (A) before surfactant treatment; (B) after treatment with 
BIO-SOFT® (10 wt%); (C) after treatment with SDS (10 wt%). 
 
Figure 7.10 Surfactant resistance of PEO20-b-PSt250 polymersomes with thinner membranes. (A-
B) DLS results (size vs intensity) of vesicles incubated with 10 wt% (A) and 40 wt% (B) 
ECOSURFTM EH-6 after various times. (C) Turbidity tests at 500 nm of PEO20-b-PSt250 and 
PEO113-b-PSt1441 polymersomes in the presence of ECOSURF
TM EH-6 at different concentrations. 
In an attempt to provide more understanding on the mechanism of the surfactant resistance, we 
prepared PEO20-b-PSt250 polymersomes with thinner membranes ((23 ± 4) nm from TEM) via 
solvent-switch method25. These polymersomes were partially solubilized by 40 wt% ECOSURFTM 
as verified by DLS and turbidity results (Figure 7.10), suggesting the critical role of membrane 
thickness in their stability in the presence of surfactant. On the other hand, the PEO20-b-PSt250 
vesicles showed good stability against 10 wt% ECOSURFTM surfactant that outperformed most 
reported polymersomes with the hydrophobic blocks like polybutadiene, polymethacrylate, and 
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polycaprolactone10, 12, 13 (Figure 7.10). Considering the difference in Tg of these hydrophobic 
blocks compared with PSt block (> 100 oC),26 we suggest the high Tg of hydrophobic PSt blocks 
may also contribute to the unprecedented surfactant stability of our PEO113-b-PSt1441 
polymersomes. The hydrophobic chains are “locked” to the collapsed state with limited mobility 
at room temperature27, which makes it difficult for surfactant to insert into the bilayer and 
solubilize the polymeric amphiphiles. The detailed resistance mechanism requires more 
experimental and simulation studies and will be included in our future work. 
 
Figure 7.11 Confocal microscopy images of Rhodamine B (RhB) loaded PEO113-b-PSt1441 
polymersomes. 
Although the turbidity tests provide important information on the lack of ability of surfactant 
molecules to solubilize polymersomes, it was unable to detect the disruption of vesicle membranes. 
To assess this, we utilized Rhodamine B (RhB, molecular size ~ 1.8 nm28) as a model cargo to 
study the retention of encapsulated actives within the PEO-b-PSt polymersomes in the presence of 
surfactants. RhB loaded PEO-b-PSt polymersomes were prepared and purified in an analogous 
manner to blank polymersomes, instead starting with a methanol solution of RhB for the RAFT 
dispersion polymerization (Figure 7.11). No significant RhB leakage was observed when the 
vesicles were kept in water for as long as 1.5 years. Treatment with five representative surfactants 
at 10 wt% led to less than 1.5% release of RhB after one month of incubation (Figure 7.12). 
Increasing the concentration of surfactants induced a greater release of encapsulated RhB, with the 
highest release (6.1%) occurring when the vesicles were treated with 40 wt% EXOSURFTM EH-6 
for one month (Figure 7.12). These results further validate the good retention of encapsulated 
actives from PEO-b-PSt vesicles at surfactant rich conditions. Exposing polymersomes to shear 
force before addition of surfactants resulted in slightly higher RhB release (less than 8% after one 
20 μm
A
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month of incubation), but the surfactant-added samples performed no worse than water control, 
indicating release is likely due to the shear-induced disruption of the membrane (Figure 7.12). 
 
Figure 7.12 Cumulative release of encapsulated RhB from PEO-b-PSt polymersomes. (A) Release 
profile of RhB in the presence of different surfactants at 10 wt%; (B) Release profile of RhB in 
the presence of DOWFAXTM at different concentration; (C) Release profile of RhB in the presence 
of ECOSURFTM EH-6 at different concentration. (D) Release profile of RhB from shear force pre-
treated PEO-b-PSt polymersome in the presence of different surfactants at 10 wt%. A magnified 
view of the release profile could be found in the insets of Figure B-D. 
 
7.4 Materials and methods 
Materials. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used 
as received unless otherwise specified. Styrene (St) monomer was purified by passing a SDTR-7 
inhibitor removal column (Scientific Polymer Products, Inc., Ontario, NY, USA) and stored at -20 
oC. 2,2′-Azobis(2-methylpropionitrile) (AIBN) was purified by recrystallization from ethanol. S-
Dodecyl-S′-(α,α′-dimethyl-α′′-acetic acid) trithiocarbonate terminated methoxy poly(ethylene 
(B)(A)
0 10 20 30
0
20
40
60
80
100
C
u
m
u
la
ti
v
e
 R
h
B
 R
e
le
a
s
e
 (
%
)
Time (Day)
 5 wt%      10 wt%
 20 wt%    40 wt%
0 10 20 30
0
20
40
60
80
100
C
u
m
u
la
ti
v
e
 R
h
B
 R
e
le
a
s
e
 (
%
)
Time (Day)
 5 wt%      10 wt%
 20 wt%    40 wt%
0 10 20 30
0
20
40
60
80
100
 
 
Time (Day)
C
u
m
u
la
ti
v
e
 R
h
B
 R
e
le
a
s
e
 (
%
)
 Water
 SDS      BIO-SOFT
0 10 20 30
0
5
10
0 10 20 30
0
20
40
60
80
100
C
u
m
u
la
ti
v
e
 R
h
B
 R
e
le
a
s
e
 (
%
)
Time (Day)
 Water
 SDS
 LAS
 DOWFAXTM
 BIO-SOFT
 ECOSURF
TM
 Free RhB
0 10 20 30
0
2
4
 
 
0 10 20 30
0
4
8
 
 
(D)(C)
113 
oxide) (mPEO-DDMAT) macro chain transfer agent (macro-CTA) was synthesized according to 
the literature procedure19. Carbon film supported copper grids (200 mesh) were purchased from 
Electron Microscopy Sciences (Hatfield, PA, USA). Silicon wafers (5 × 5 mm) were purchased 
from Ted Pella Inc. (Redding, CA, USA). Pur-A-LyzerTM midi dialysis tubes (MWCO = 6 kDa) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Amicon® Ultra-4 centrifugal filters 
(MWCO = 10 kDa) were purchased from EMD Millipore (Billerica, MA, USA). 
Anionic surfactant STEOL® CS-370 and non-ionic surfactant BIO-SOFT® N25-7 were 
graciously provided by Stepan Company (Elwood, IL, USA). Anionic surfactant DOWFAXTM 
2A1 and non-ionic surfactants ECOSURFTM EH-6, EH-9, and EH-14 were graciously provided by 
The Dow Chemical Company (Midland, MI, USA). 
Instrumentation. The general instrument setup was presented in Section 2.5. Transmission 
electron microscopy (TEM) images were collected using JEOL 2100 cryo transmission electron 
microscope. Scanning electron microscopy (SEM) images were recorded with Hitachi S4700 or 
S4800 scanning electron microscope. Fluorescent spectra were recorded on a PerkinElmer LS 55 
fluorescence spectrometer (PerkinElmer, Santa Clara, CA, USA). The turbidity results (UV 
absorbance at 500 nm) were collected on a PerkinElmer Lambda 25 UV/Vis spectrometer 
(PerkinElmer, Santa Clara, CA, USA). Dynamic light scattering (DLS) results were recorded on a 
90Plus particle size analyser (Brookhaven Instruments Coporation, Holtsville, NY, USA). 
One-pot Preparation of PEO-b-PSt Polymersome through RAFT Dispersion 
Polymerization. PEO-b-PSt polymersome was prepared through RAFT dispersion 
polymerization following the literature procedure.19 Typically, mPEO-DDMAT macro-CTA (15.3 
mg, 2.9 μmol) and St (3 g, 28.8 mmol) were dissolved in methanol (1.8 mL), followed by adding 
methanol solution of AIBN (10 mg/mL, 47.1 µL, 0.29 μmol) ([St]:[macro-CTA]:[AIBN] = 
10,000:1:0.1). The resulting solution was then transferred to a 25 mL Schlenk tube. After three 
freeze-pump-thaw cycles, the tube was sealed under vacuum. The tube was placed in an oil bath 
and the polymerization solution was stirred at 80 oC. After 40 h, the polymerization was quenched 
by cooling down to rt and exposing to air. The polymersome suspension was purified by dialysis 
against methanol to remove excessive St (MWCO = 1 kDa), and then exchanged to water medium 
through ultrafiltration (MWCO = 10 kDa). The obtained aqueous suspension of PEO-b-PSt 
polymersome was ready to use for following characterization and stability studies. 
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The RAFT dispersion polymerization was also tried at lower temperature (60 oC) to better match 
the decomposition temperature of AIBN. However, the obtained DP of PSt block was only 500 
after 40 h (compared with DP ~1400 at 80 oC after 40 h) that did not meet our requirement for the 
design of polymersomes with ultra-thick membranes. 
In order to encapsulate Rhodamine B (RhB) with PEO-b-PSt polymersome, the methanol 
solution of RhB (2 mg/mL) was used as the solvent. The Schlenk tube was protected by aluminum 
foil during polymerization to avoid photo-bleaching of RhB dye. After polymerization and 
removal of excessive St by dialysis, free RhB dye outside PEO-b-PSt polymersome was removed 
by ultrafiltration (MWCO = 10 kDa) until no fluorescent signal was detected from the washing 
waste. The obtained aqueous suspension of RhB loaded PEO-b-PSt polymersome was ready to use 
for following characterization and stability studies. The amount of encapsulated Rhodamine (RhB) 
was determined by dissolving RhB loaded polymersomes (100 μL) with THF (900 μL), which was 
subjected to UV-Vis tests at λmax = 545 nm. The RhB amount was calculated using standard curve 
of RhB in THF:water co-solvent (9:1, v/v). 
PEO-b-PSt Diblock Copolymer Characterization. An aliquot of the suspension after RAFT 
dispersion polymerization (before dialysis against MeOH) was taken out for the PEO-b-PSt 
diblock copolymers characterization. Typically, the copolymer assemblies was first dissolved by 
adding THF into the suspension. The resulting clear solution was then precipitated in ether, 
collected with centrifugation, and washed three times with ether to remove any remaining solvents. 
The solid polymer residue was dried under vacuum to yield white viscous powder, which was 
dissolved in CDCl3 (~ 5 mg/mL) and DMF (10 mg/mL, with 0.1 mol/L LiBr) for 
1H NMR and 
GPC characterization, respectively. 
Preparation of PEO-b-PSt Polymersome through Solvent-Switch Method. PEO20-b-PSt250 
diblock copolymers were purchased from Sigma-Aldrich (St. Louis, MO, USA) and self-
assembled following the literature procedure25. The DMF solution of diblock copolymers (1 mL, 
20 mg/mL) was placed in a vial charged with a stir bar. Distilled (DI) water (0.25 mL) was then 
added to the vial dropwise through a syringe pump (KD Scientific, Holliston, MA, USA. Addition 
speed: 0.1 mL min-1). The dispersion was then dialyzed against DI water to remove DMF (MWCO 
= 1 kDa). The obtained aqueous suspension of PEO-b-PSt polymersome with thinner membrane 
was ready to use for following stability studies. 
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Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM). 
TEM samples were prepared on carbon film supported copper grids (200 mesh). One drop (~ 10 
µL) of the polymersome aqueous suspension (0.5 mg/mL) was placed on the grid and allowed to 
interact with the surface for 10 min. Filter paper was then used to remove the residual polymers 
and liquid. The sample on the grid was imaged using JEOL 2100 cryo TEM at 200 kV. 
SEM samples were prepared on silicon wafer. One drop (~ 10 µL) of the polymersome aqueous 
suspension (0.5 mg/mL) was placed on the wafer and allowed for drying overnight. The sample 
was coated with Au-Pd (2.5 Å/s, 30 s) and imaged using Hitachi S4700 or S4800 SEM at 3 kV. 
Turbidity Tests of PEO-b-PSt Polymersome in the Presence of Surfactants. The aqueous 
suspension of PEO-b-PSt polymersome (1 or 2 wt%, 0.5 mL) was mixed with the aqueous solution 
of surfactants (10, 20, 40, or 80 wt%, 0.5 mL) in a 7 mL vial. The resulting mixture was sealed to 
avoid water evaporation and incubated at rt. At different time intervals, the mixture was transferred 
to the quartz cuvette for turbidity measurement at 500 nm using UV-Vis spectrometer. After 
turbidity test, the mixture was transferred back for further incubation and turbidity tests. For the 
turbidity tests in the presence of shear force, the polymersome dispersion was sonicated by a Model 
705 probe sonicator (Fisher Scientific, Pittsburgh, PA, USA) with a 14-s pulse sequence (2-s pulse 
and 1-s delay, 700 W, 50% amplitude) before mixing with surfactants. 
RhB Release Studies from PEO-b-PSt Polymersome in the Presence of Surfactants. The 
aqueous solution of surfactants was prepared by dissolving the surfactants in DI water in a 30 mL 
vial with a stir bar (20 mL, 5, 10, 20, 40 wt%). RhB loaded PEO-b-PSt vesicle suspension (500 
μL) was added into a Pur-A-LyzerTM tube (MWCO = 3.5 kDa), and the tube was placed in the vial 
for release studies at rt with the protection of aluminum foil (to avoid photo-bleaching of RhB). 
At different time intervals, an aliquot of solution outside Pur-A-LyzerTM tube was taken out for 
fluorescence test (λex = 545 nm, λem = 578.5 nm). After fluorescence test, the solution was 
transferred back to the 30 mL vial for further release studies. The RhB release percentage was 
calculated using standard curves of RhB in corresponding aqueous solution of surfactants. For the 
RhB release tests in the presence of shear force, the polymersome dispersion was sonicated by a 
Model 705 probe sonicator (Fisher Scientific, Pittsburgh, PA, USA) with a 14-s pulse sequence 
(2-s pulse and 1-s delay, 700 W, 50% amplitude) before mixing with surfactants. 
 
 
116 
7.5 Conclusion 
In summary, surfactant-resistant PEO-b-PSt polymersomes were successfully prepared via 
RAFT dispersion polymerization in a single step. Ultra-thick polymersome membranes were 
obtained after extended polymerization times, and these membranes had significantly improved 
stability against a wide variety of anionic and non-ionic surfactants compared to conventional 
polymersomes. The release of actives from these polymersomes was less than 7% after one month 
incubation with up to 40 wt% surfactant. These thick polymersomes could provide a useful option 
for the design of stable delivery vehicles for industrial formulations. 
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APPENDIX 
NMR SPECTRA OF N-CARBOXYANHYDRIDES AND POLYPEPTIDES† 
 
 
The NMR spectra of all triazole polypeptides (Chapter 2-4), phosphonium polypeptides 
(Chapter 5), photo-responsive polypeptides based amphiphilic diblock copolymer (Chapter 6), and 
the corresponding N-carboxyandrides are presented in this section. 
 
 
 
Figure A.1 1H and 13C NMR spectra of CP-L-Glu-NCA (A) and CP-DL-Glu-NCA (B) in CDCl3. 
  
                                                          
† Part of this chapter is adapted from the publication: (1) Song, Z., Zheng, N., Ba, X., Yin, L., 
Zhang, R., Ma, L., Cheng, J. Polypeptides with quaternary phosphonium side chains: synthesis, 
characterization, and cell-penetrating properties. Biomacromolecules 2014, 15, 1491-1497. (2) 
Song, Z., Kim, H., Ba, X., Baumgartner, R., Lee, J. S., Tang, H., Leal, C., Cheng, J. Polypeptide 
vesicles with densely packed multilayer membranes. Soft Matter 2015, 11, 4091-4098. 
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Figure A.2 1H and 13C NMR spectra of CH-L-Glu-NCA (A) and CH-DL-Glu-NCA (B) in CDCl3. 
 
Figure A.3 1H and 13C NMR spectra of DMNB-L-Glu-NCA in CDCl3.  
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Figure A.4 1H NMR spectrum of triazole polypeptides P1 in TFA-d. 
 
 
 
Figure A.5 1H NMR spectrum of triazole polypeptides P2 in TFA-d. 
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Figure A.6 1H NMR spectrum of triazole polypeptides P3 in TFA-d. 
 
 
 
Figure A.7 1H NMR spectrum of triazole polypeptides P4 in TFA-d. 
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Figure A.8 1H NMR spectrum of triazole polypeptides P5 in TFA-d. 
 
 
 
Figure A.9 1H NMR spectrum of triazole polypeptides P6 in TFA-d. 
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Figure A.10 1H NMR spectrum of triazole polypeptides P7 in TFA-d. 
 
 
 
Figure A.11 1H NMR spectrum of triazole polypeptides P8 in TFA-d. 
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Figure A.12 1H NMR spectrum of triazole polypeptides P9 in TFA-d. 
 
 
 
Figure A.13 1H NMR spectrum of triazole polypeptides P10 in TFA-d. 
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Figure A.14 1H NMR spectrum of triazole polypeptides P11 in TFA-d. 
 
 
 
Figure A.15 1H NMR spectrum of triazole polypeptides P12 in TFA-d. 
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Figure A.16 1H NMR spectrum of triazole polypeptides P14 in TFA-d. 
 
 
 
Figure A.17 1H NMR spectrum of triazole polypeptides P15 in TFA-d. 
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Figure A.18 1H and 31P NMR spectra of phosphonium polypeptides PHLG-TEP in TFA-d. 
 
 
 
Figure A.19 1H and 31P NMR spectra of phosphonium polypeptides PPLG-TEP in TFA-d. 
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Figure A.20 1H and 31P NMR spectra of phosphonium polypeptides PHDLG-TEP in D2O. 
 
 
 
Figure A.21 1H NMR spectrum of photo-responsive polypeptides based amphiphilic diblock 
copolymer in CDCl3:TFA-d (85:15, v/v). 
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